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Executive Summary

EPA is adopting a comprehensive program to address air pollution from passenger cars
and trucks. The final program, known as “Tier 3,” will establish more stringent vehicle emissions
standards and reduce the sulfur content of gasoline, considering the vehicle and its fuel as an
integrated system The final Tier 3 standards will reduce concentrations of multiple air pollutants
(ambient concentrations of ozone, particulate matter (PM), nitrogen dioxide (NO;), and mobile
source air toxics (MSATSs)) across the country and help state and local agencies in their efforts to
attain and maintain health-based National Ambient Air Quality Standards (NAAQS).

This Regulatory Impact Analysis provides technical, economic, and environmental
analyses of the new standards. Chapter 1 contains our technical feasibility justification for the
final vehicle emission standards, and Chapter 2 contains the estimated costs of the final vehicle
standards. In addition to the vehicle emission and gasoline standards, we are adopting an update
to the specifications of the emission test fuel with which vehicles demonstrate compliance with
emissions standards; our analysis of the emission test fuel parameter changes is found in Chapter
3. Chapters 4 and 5 contain our technical feasibility and cost analyses for the final gasoline
sulfur standards, respectively. Chapter 6 describes the health and welfare effects associated with
the air pollutants that will be impacted by the rule. Chapter 7 describes our analysis of the
emission and air quality impacts of the Tier 3 rule. Our estimates of the program-wide costs, the
societal benefits, and the cost per ton of emissions reduced due to the final Tier 3 program are
presented in Chapter 8. Chapter 9 contains our analysis of the final rule’s economic impacts, and
Chapter 10 provides the results of our small business final regulatory flexibility analysis.

Tier 3 Standards

Vehicle Emission Standards

The Tier 3 standards include light- and heavy-duty vehicle tailpipe emission standards
and evaporative emission standards.

Light-Duty Vehicle, Light-Duty Truck, and Medium-Duty Passenger Vehicle Tailpipe
Emission Standards

The standards in this category apply to all light-duty vehicles (LDVs, or passenger cars),
light-duty trucks (LDT1s, LDT2s, LDT3s, and LDT4s) and Medium-Duty Passenger Vehicles,
or MDPVs. The new standards are for the sum of NMOG and NOx emissions, presented as
NMOG+NOy, and for PM. For these pollutants, the standards are measured on test procedures
that represent a range of vehicle operation, including the Federal Test Procedure (or FTP,
simulating typical driving) and the Supplemental Federal Test Procedure (or SFTP, a composite
test simulating higher temperatures, higher speeds, and quicker accelerations).

The FTP and SFTP NMOG+NOx standards are fleet-average standards, meaning that a
manufacturer will calculate the weighted average emissions of the vehicles it sells in each model
year and compare that average to the applicable standard for that model year. The fleet average
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standards for NMOG+NOx evaluated over the FTP will begin in MY 2017 and then decline
through MY 2025, as summarized in Table ES-1. Similarly, the NMOG+NOx standards
measured over the SFTP will also be fleet-average standards, declining from MY 2017 until MY
2025, as shown in Table ES-2.

Table ES-1 LDV, LDT, and MDPV Fleet Average NMOG+NOx FTP Standards (mg/mi)

Model Year
2017% | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 2025
and later
LDV/LDT1® 86 79 72 65 58 51 44 37 30
LDT2,3,4 and
MDPV 101 92 83 74 65 56 47 38 30

“ For vehicles above 6000 1bs GVWR, the fleet average standards will apply beginning in MY 2018.

® These standards will apply for a 150,000 mile useful life. Manufacturers can choose to certify their LDV's and
LDV1s to a useful life of 120,000 miles. If any of these families are certified to the shorter useful life, a
proportionally lower numerical fleet-average standard will apply, calculated by multiplying the respective
150,000 mile standard by 0.85 and rounding to the nearest mg.

Table ES-2 LDV, LDT, and MDPV Fleet-Average NMOG+NOx SFTP Fleet Average
Standards (mg/mi)

Model Year
2017% | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 2025
and later
NMOG + NOx 103 97 90 &3 77 70 63 57 50

* For vehicles above 6000 Ibs GVWR, the fleet average standards will apply beginning in MY 2018.

The PM standard on the FTP for certification testing is 3 mg/mi for all vehicles and for
all model years. Manufacturers can phase in their vehicle models as a percent of sales through
MY 2022. The FTP PM standards will apply to each vehicle separately (i.e., not as a fleet
average). The program also includes a separate FTP PM requirement of 6 mg/mi for the testing
of in-use vehicles that will apply during the percent phase-in period only. Table ES-3 presents
the FTP certification and in-use PM standards and the phase-in percentages.
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Table ES-3 Phase-In for FTP PM Standards

2017 | 2018 2019 2020 2021 | 2022 and

later

Phase-In

(percent of U.S. sales) 20 20 0 70 10 0

Certlﬁf:atlon Standard 3 3 3 3 3 3

(mg/mi)

In-Use Standard 6 6 6 6 6 3

(mg/mi)

* For vehicles above 6000 Ibs GVWR, the FTP PM standards will apply beginning in MY 2018.

The Tier 3 program also includes certification PM standards evaluated over the SFTP
(specifically the US06 component of the SFTP procedure) of 10 mg/mi for MYs 2017 and MY
2018, and a single final standard of 6 mg/mi for MY 2019 and later. For MYs 2019 through
2023, an in-use standard of 10 mg/mi will also apply.

Heavy-Duty Tailpipe Emission Standards

There are new Tier 3 exhaust emissions standards for complete heavy-duty vehicles
(HDVs) between 8,501 and 14,000 Ib GVWR. Vehicles in this GVWR range are often referred
to as Class 2b (8,501-10,000 1b) and Class 3 (10,001-14,000 Ib) vehicles, and are typically full-
size pickup trucks and work vans. The key elements of these standards include a combined
NMOG+NOx declining fleet average standard, new stringent PM standards phasing in on a
separate schedule, extension of the regulatory useful life to 150,000 miles, and a new
requirement to meet standards over the SFTP that will address real-world driving modes not
well-represented by the FTP cycle alone. Table ES-4 presents the HDV fleet average
NMOG+NOx standard, which becomes more stringent in successive model years from 2018 to
2022, with voluntary standards available in 2016 and 2017.

The PM standards are 8 mg/mi for Class 2b vehicles and 10 mg/mi for Class 3 vehicles,
to be phased in on a percent-of-sales basis at 20-40-70-100 percent in 2018-2019-2020-2021,
respectively.

Table ES-4 HDV Fleet Average NMOG+NOx Standards (mg/mi)

Voluntary Required Program
Model Year | 2016 | 2017 2018 2019 2020 | 2021 | 2022 and later
Class 2b 333 310 278 253 228 203 178
Class 3 548 508 451 400 349 298 247

The new SFTP requirements for HDVs include NMOG+NOx, carbon monoxide (CO)
and PM standards. Compliance will be evaluated from a weighted composite of measured
emissions from testing over the FTP cycle, the SCO03 cycle, and an aggressive driving cycle, with
the latter tailored to various HDV sub-categories: the US06 cycle for most HDVs, the highway

ES-3



portion of the US06 cycle for low power-to-weight Class 2b HDVs, and the LA-92 cycle for
Class 3 HDVs.

Evaporative Emission Standards

To control evaporative emissions, more stringent standards will require covered vehicles
to have essentially zero fuel vapor emissions in use, including more stringent evaporative
emissions standards, new test procedures, and a new fuel/evaporative system leak standard. Tier
3 also includes refueling emission standards for complete heavy-duty gasoline vehicles
(HDGVs) over 10,000 Ibs GVWR. There are phase-in flexibilities as well as credit and
allowance programs. The standards, harmonized with California’s zero evaporative emissions
standards, are designed to essentially eliminate fuel vapor-related evaporative emissions. The
Tier 3 evaporative emission standards will be phased in over a period of six MYs 2017-2022 as
shown in Table ES-5.

Table ES-5 Default Phase-in Schedule for Tier 3
Evaporative Emission Standards
Model year Minimum
percentage of
vehicles subject to
the Tier 3 standards

2017 40%"
2018 60%
2019 60%
2020 80%
2021 80%
2022 100%

" The phase-in percentage for model year 2017 applies
only for vehicles at or below 6,000 pounds GVWR.
? The leak standard does not apply for model year 2017.
? There are three options for the 2017 MY, only one is shown here.

Table ES-6 presents the evaporative hot soak plus diurnal emission standards by vehicle
class. Manufacturers may comply on average within each of the four vehicle categories but not
across these categories. Tier 3 also includes separate high altitude emission standards for these
vehicle categories.

Table ES-6 Evaporative Emission Standards (g/test)

Vehicle Category Highest Diurnal + Hot Soak Level
(over both 2-day and 3-day diurnal tests)

LDV, LDTI 0.300

LDT2 0.400

LDT3, LDT4, MDPV 0.500

HDGVs 0.600
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There is a new testing requirement referred to as the bleed emission test procedure.
Manufacturers will be required to measure diurnal emissions over the 2-day diurnal test
procedure from just the fuel tank and the evaporative emission canister and comply with a 0.020
g/test standard for all LDVs, LDTs, and MDPVs without averaging. The canister bleed emission
standard test will apply only for low altitude testing conditions, but there is proportional control
at higher altitudes.

EPA is including these Tier 3 evaporative emission controls for HDGVs as part of the
overall scheme for LDVs and LDTs. The individual vehicle emission standard will be 0.600
g/test for both the 2-day and 3-day evaporative emission tests, the high altitude standard will be
1.75 g/test and the canister bleed test standard will be 0.030 g/test.

We are adding a new standard and test procedure related to controlling vapor leaks from
vehicle fuel and vapor control systems. The standard, which will apply to all LDVs, LDTs,
MDPVs, and Class 2b/3 HDGVs, will prohibit leaks larger than 0.02 inches of cumulative
equivalent diameter in the fuel/evaporative system. The Tier 3 evaporative emission standards
program requirements will be phased in over a period of six model years between MYs 2017 and
2022, with the leak test phasing in beginning in 2018 MY as a vehicle is certified to meet Tier 3
evaporative emission requirements.

There are new refueling emission control requirements for complete HDGVs equal to or
less than 14,000 1bs GVWR (i.e., Class 2b/3 HDGVs), that start in the 2018 model year. For
complete HDGVs > 14,000 Ibs GVWR the refueling emission control requirement start in the
2022 model year.

We are adopting and incorporating by reference the current CARB onboard diagnostic
system (OBD) regulations effective for the 2017 MY plus two minor provisions to enable OBD-
based leak detection to be used in IUVP testing. EPA will retain the provision that certifying
with CARB’s program will permit manufacturers to seek a separate EPA certificate on that basis.

Emissions Test Fuel Requirements

There are several changes to our federal gasoline emissions test fuel. Key changes
include:

e Moving away from “indolene” (EO) to a test fuel containing 10 percent ethanol by
volume (E10);

e Lowering octane to match regular-grade gasoline (except for premium-required
vehicles);

e Adjusting distillation temperatures, aromatics and olefins to better match today’s in-
use fuel and to be consistent with anticipated E10 composition; and

e Lowering the existing sulfur specification and setting a benzene specification to be

consistent with proposed Tier 3 gasoline sulfur requirements and recent MSAT2
gasoline benzene requirements.

ES-5



e [EB8S5 and premium test fuel specifications.

Gasoline Sulfur Standards

Under the Tier 3 fuel program, federal gasoline will contain no more than 10 parts per
million (ppm) sulfur on an annual average basis beginning January 1, 2017. There will be an
averaging, banking, and trading (ABT) program that would allow refiners and importers to
spread out their investments through an early credit program and rely on ongoing nationwide
averaging to meet the 10 ppm sulfur standard. There will be a three-year delay for small refiners
and “small volume refineries” (refiners processing less than or equal to 75,000 barrels per
calendar day). In addition, we are maintaining the current refinery gate and downstream sulfur
caps of 80 ppm and 95 ppm, respectively.

Projected Impacts
Changes to Analyses Since Proposal

Since the proposal, we have made several updates to the analyses that estimate the
projected impacts of the Tier 3 standards. We made several changes to our baseline (also
referred to as the “reference case”), which is our projection of future conditions if the Tier 3
standards were not finalized. Specifically, our baseline now accounts for the fact that California
and twelve additional states have adopted California’s Low Emission Vehicle III (LEV III)
program. This change reduces the emissions and air quality impacts of the Tier 3 standards (and
thus the monetized benefits), and it also reduces the cost of the Tier 3 vehicle standards. In
addition, the baseline now accounts for the light-duty greenhouse gas emissions standards for
2017 and later model years, and the greenhouse gas emissions standards for medium- and heavy-
duty engines and vehicles. This update affects the per-vehicle technology costs but has little
impact on the emissions and air quality benefits of the Tier 3 program, because it is included in
both the baseline and control cases. Finally, the baseline now uses the U.S. Energy Information
Administration’s Annual Energy Outlook 2013 (AE0O2013) as the source for future renewable
fuel volumes and blends and future gasoline consumption. AEO2013 projects significantly lower
gasoline consumption than AEO2011 (which was used in the proposal’s analysis), and this
reduces the total cost of the Tier 3 fuel program. There are a number of other updates to our
cost, emissions, air quality, and benefits analyses, as detailed in the RIA. Among the most
significant are the changes to the vehicle and fuel cost estimates, which have resulted in costs
that are lower than projected in the proposal. The updates with the most significant impacts on
the per-vehicle costs include a more robust estimate of catalyst loading costs and the new
baseline fleet that reflects implementation of the most recent greenhouse gas emissions
standards. Both of these updates reduced per-vehicle costs. Total vehicle program costs were
also significantly reduced because costs are no longer incurred for vehicles sold in states that
have adopted the California LEV III program. With respect to fuel costs, the change with the
most significant impact on per-gallon costs is the inclusion of nationwide credit trading (i.e.,
between companies). The proposal’s primary cost analysis was based only on trading within
companies (although we also presented in the proposal the cost if trading between firms
occurred). The reduction in per-gallon costs, when combined with significantly lower
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projections of gasoline consumption from AEO2013, resulted in lower fuel program costs than
the proposal had estimated.

Emission and Air Quality Impacts

The Tier 3 vehicle and fuel-related standards together will reduce emissions of NOx,
VOC, PM; s, and air toxics. The gasoline sulfur standards, which will take effect in 2017, will
provide large immediate reductions in emissions from existing gasoline vehicles and engines.
The emission reductions will increase over time as newer vehicles become a larger percentage of
the fleet (e.g., in 2030, 70 percent of the miles travelled are from vehicles that meet the fully
phased-in Tier 3 standards). Projected emission reductions from the Tier 3 standards for 2018
and 2030 are shown in Table ES-7. We expect these reductions to continue beyond 2030 as more
of the fleet continues to turn over to Tier 3 vehicles.

Table ES-7 Estimated Emission Reductions from the Final Tier 3 Standards
(Annual U.S. short tons)

2018 2030
Tons Percent of Onroad | Tons Percent of Onroad

Inventory Inventory
NOx 264,369 10% 328,509 25%
VOC 47,504 3% 167,591 16%
CcO 278,879 2% 3,458,041 24%
Direct PM 5 130 0.1% 7,892 10%
Benzene 1,916 6% 4,762 26%
SO, 14,813 56% 12,399 56%
1,3-Butadiene 257 5% 677 29%
Formaldehyde 513 2% 1,277 10%
Acetaldehyde 600 3% 2,067 21%
Acrolein 40 3% 127 15%
Ethanol 2,704 2% 19,950 16%

We project that the Tier 3 vehicle and fuel standards will reduce nitrous oxide (N,O) and
methane (CH4) emissions from vehicles. The reductions in these potent greenhouse gases will be
partially offset by the increase in CO, emissions from refineries. The combined impact is a net
decrease on a CO;-equivalent basis (2.5 to 2.7 million metric tons of CO,-equivalent reduced in
2030).

Reductions in emissions of NOx, VOC, PM, s and air toxics are projected to lead to
nationwide decreases in ambient concentrations of ozone, PM, 5, NO,, CO, and air toxics.
Specifically, the Tier 3 standards will significantly decrease ozone concentrations across the
country, with an estimated population-weighted average decrease of 0.49 ppb in 2018 and 0.98
ppb in 2030. Few other strategies exist that would deliver the reductions needed for states to
meet the current ozone standards. The Tier 3 standards will decrease ambient annual PM, 5
concentrations across the county as well, with an estimated population-weighted average
decrease of 0.04 pg/m’ by 2030. Decreases in ambient concentrations of air toxics are also
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projected with the Tier 3 standards, including notable nationwide reductions in benzene

concentrations.

Costs and Benefits

The costs that will be incurred from our final program fall into two categories — costs
from the Tier 3 vehicle exhaust and evaporative standards and from reductions in sulfur content
of gasoline. All costs represent the fleet-weighted average of light-duty vehicles and trucks. All
costs are represented in 2011 dollars.

Vehicle Costs

The vehicle costs include the technology costs projected to meet the exhaust and
evaporative standards, as show in Table ES-8. The fleet mix of light-duty vehicles, light duty
trucks, and medium-duty trucks reflects the MY 2017-2025 light-duty and MY2014-2018 heavy-
duty GHG final rulemakings.

Table ES-8 Annual Vehicle Technology Costs, 20118

Year Vehicle Exhaust | Vehicle Evaporative | Operating Costs | Facility Costs | Total Vehicle
Emission Control Emission Control ($Million) ($Million) Costs
Costs Costs ($Million)®
($Million) ($Million)
2017 $268 $26 $0 $4 $297
2030 $664 $113 -$19 $4 $761

addition to the costs to control the sulfur level in the fuel, represent the total costs of the

? These estimates include costs associated with the Tier 3 vehicle standards in all states except California and
states that have adopted the LEV III program.

Fuel Costs

The fuel costs consist of the additional operating costs and capital costs to the refiners to
meet the sulfur average of 10 ppm. The sulfur control costs assume a cost of 0.65 cents per
gallon which includes the refinery operating and capital costs. The annual fuel costs of the
program are listed in Table ES-9.

Table ES-9 Annual Fuel Costs, 2011$

Year Fuel Sulfur Control Costs ($Million)
2017 $804
2030 $696

? These estimates include costs associated with the Tier 3 fuel
standards in all states except California.

Total Costs

The sum of the vehicle technology costs to control exhaust and evaporative emissions, in
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program, as shown in Table ES-10. The final fuel standards are projected to lead to an average
cost of 0.65 cents per gallon of gasoline, and the vehicle standards would have an average
technology cost of $72 per vehicle

Table ES-10: Total Annual Vehicle and Fuel Control Costs, 2011$

Year Total Vehicle and Fuel Control Costs
($Million)*

2017 $1,101

2030 $1,457

* These estimates include costs associated with both the Tier 3 vehicle
standards in all states except California and states that have adopted the
LEV III program, and the Tier 3 fuel standards in all states except
California.

Benefits

Exposure to ambient concentrations of ozone, PM, s, and air toxics is linked to adverse
human health impacts such as premature deaths as well as other important public health and
environmental effects. The final Tier 3 standards are expected to reduce these adverse impacts
and yield significant benefits, including those we can monetize and those we are unable to
quantify.

The range of quantified and monetized benefits associated with this program are
estimated based on the risk of several sources of PM- and ozone-related mortality effect
estimates, along with other PM and ozone non-mortality related benefits information. Overall,
we estimate that the final rule will lead to a net decrease in PM, s5- and ozone-related health and
environmental impacts. The estimated range of total monetized ozone- and PM-related health
impacts is presented in Table ES-11.

Table ES-11: Estimated 2030 Monetized PM-and Ozone-Related Health Benefits

(Billions, 2011$)"
Description 2030
Total Estimated Health Beneﬁtsb’c’d’e
3 percent discount rate $7.4 -%$19
7 percent discount rate $6.7 - $18
Notes:

* Totals are rounded to two significant digits and may not sum due to rounding.

® Total includes ozone and PM, s estimated benefits. Range was developed by adding the estimate from the
Bell et al., 2004 ozone premature mortality function to PM, s-related premature mortality derived from the
American Cancer Society cohort study (Krewski et al., 2009) for the low estimate and ozone premature
mortality derived from the Levy et al., 2005 study to PM, s-related premature mortality derived from the
Six-Cities (Lepeule et al., 2012) study for the high estimate.

¢ Annual benefits analysis results reflect the use of a 3 percent and 7 percent discount rate in the valuation
of premature mortality and nonfatal myocardial infarctions, consistent with EPA and OMB guidelines for
preparing economic analyses.
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4Valuation of premature mortality based on long-term PM exposure assumes discounting over the SAB
recommended 20-year segmented lag structure described in the Regulatory Impact Analysis for the 2006
PM National Ambient Air Quality Standards (September, 2006).

¢ Not all possible benefits are quantified and monetized in this analysis; the total monetized benefits
presented here may therefore be underestimated.

We estimate that by 2030, the annual emission reductions of the Tier 3 standards will
annually prevent between 660 and 1,500 PM-related premature deaths, between 110 and 500
ozone-related premature deaths, 81,000 work days lost, and approximately 1.1 million minor
restricted-activity days. The estimated annual monetized health benefits of the proposed Tier 3
standards in 2030 (20118$) will be between $7.4 and $19 billion, assuming a 3-percent discount
rate (or between $6.7 billion and $18 billion assuming a 7-percent discount rate).

Comparison of Costs and Benefits

Using a conservative benefits estimate, the 2030 benefits outweigh the costs by a factor
of 4.5. Using the upper end of the benefits range, the benefits could outweigh the costs by a
factor of 13. Thus, even taking the most conservative benefits assumptions, benefits of the final
standards are projected to outweigh the costs. The results are shown in Table ES-12.

Table ES-12 Summary of Annual Benefits and Cost Associated with the Final Tier 3
Program (Billions, 2011$)"

Description 2030
Vehicle Program Costs $0.76
Fuels Program Costs $0.70
Total Estimated Costs” $1.5
Total Estimated Health Benefits®®*"
3 percent discount rate $7.4-%19
7 percent discount rate $6.7 - $18
Annual Net Benefits (Total Benefits — Total Costs)
3 percent discount rate $5.9-818
7 percent discount rate $5.2-817

Notes:

* All estimates represent annual benefits and costs anticipated for the year 2030. Totals are rounded to two
significant digits and may not sum due to rounding.

® The calculation of annual costs does not require amortization of costs over time. Therefore, the estimates of annual
cost do not include a discount rate or rate of return assumption (see Chapter 2 of the RIA for more information on
vehicle costs, Chapter 5 for fuel costs, and Section 8.1.1 for a summary of total program costs).

¢ Total includes ozone and PM, 5 estimated benefits. Range was developed by adding the estimate from the Bell et
al., 2004 ozone premature mortality function to PM, s-related premature mortality derived from the American
Cancer Society cohort study (Krewski et al., 2009) for the low estimate and ozone premature mortality derived from
the Levy et al., 2005 study to PM, s-related premature mortality derived from the Six-Cities (Lepeule et al., 2012)
study for the high estimate.

¢ Annual benefits analysis results reflect the use of a 3 percent and 7 percent discount rate in the valuation of
premature mortality and nonfatal myocardial infarctions, consistent with EPA and OMB guidelines for preparing
economic analyses.
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“Valuation of premature mortality based on long-term PM exposure assumes discounting over the SAB
recommended 20-year segmented lag structure described in the Regulatory Impact Analysis for the 2012 PM
National Ambient Air Quality Standards (December, 2012).

/Not all possible benefits or disbenefits are quantified and monetized in this analysis. Potential benefit categories
that have not been quantified and monetized are listed in Table 8-5.

Economic Impact Analysis

The rule will affect two sectors directly: vehicle manufacturing and petroleum refining.
The estimated increase in vehicle production cost because of the rule is expected to be small
relative to the costs of the vehicle. Some or all of this production cost increase will be expected
to be passed through to consumers. This increase in price is expected to lower the quantity of
vehicles sold, though because the expected cost increase is small, we expect the decrease in sales
to be negligible. This decrease in vehicle sales is expected to decrease employment in the
vehicle manufacturing sector. However, costs related to compliance with the rule should also
increase employment in this sector. While it is unclear which of these effects will be larger,
because the increase in vehicle production costs and the decrease in vehicle sales are minor, the
impact of the rule on employment in the vehicle manufacturing sector is expected to be small as
well. The key change for refiners from the proposed standards will be more stringent sulfur
requirements. Analogous to vehicle sales, this change to fuels is expected to increase
manufacturers’ costs of fuel production. Some or all of this increase in production costs is
expected to be passed through to consumers which should lead to a decrease in fuel sales. As
with the vehicle manufacturing sector, we expect the decrease in fuel sales to negatively affect
employment in this sector, while the costs of compliance with the rule will be expected to
increase employment. It is not evident whether the rule will increase or decrease employment in
the refining sector as a whole. However, given the small anticipated increase in production costs
of less than one cent per gallon and the small likely decrease in fuel sales, we expect that the rule
will not have major employment consequences for this sector.
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Chapter 1 Vehicle Program Technological Feasibility
1.1 Introduction

For the vehicles and emissions addressed in this final rule, EPA has comprehensively
assessed the technological phenomena related to the generation of emissions of interest, the
nature of the technological challenges facing manufacturers to produce emission reductions of
the scale described in the Preamble, and the technologies that we expect to be available to
manufacturers to meet those challenges during the rule implementation time frame. Our
feasibility assessment recognizes that the Tier 3 program is composed of several new
requirements for all types of new vehicles, including a range of vehicle classes from small cars to
large pick-up trucks and MDPVs, and even heavy-duty vehicles with diverse applications and
specific engine designs matched to the needs of the users. This assessment also recognizes the
critical role of gasoline sulfur content in making it possible for us to adopt emission standards at
these very stringent levels, particularly for certain vehicle types. We provide below a full
assessment of our current knowledge of the effects of gasoline sulfur on current vehicle
emissions as well as our projections of how sulfur can be expected to affect compliance with the
Tier 3 standards.

Since there are multiple aspects to the Tier 3 program, it is necessary to consider
technical feasibility in light of the different program requirements and their interactions with
each other. For example, the technical feasibility of the finalized Tier 3 FTP NMOG+NOx and
the PM standards is directly related to the specifications of the fuel, including fuel sulfur, RVP
and ethanol content. Additionally, as mentioned above, the feasibility assessment must consider
that different technologies may be needed on different types of vehicle applications (i.e., cars
versus trucks) and must consider the effectiveness of these technologies to reduce emissions for
the full useful life of the vehicle while operating on in-use fuels. Certain smaller vehicles with
correspondingly small engines may be less challenged to meet FTP standards than larger
vehicles with larger engines. Conversely, these smaller vehicles may have more difficulty
meeting the SFTP requirements than the larger and more powerful vehicles. Additionally, the
ability to meet the SFTP emission requirements can also be impacted by the path taken to meet
the FTP requirements (i.e., larger volume catalysts for US06 emissions control vs. smaller
catalysts for improved FTP cold-start emissions control).

The rule also contains revised evaporative emission standards to be met on 9RVPE10 test
fuel for LDVs, LDTs, MDPVs, and HDGVs, as well as leak standard for all gasoline-powered
LDVs, LDTs, MDPVs, and HDGVs rated at or below 14,000 Ibs GVWR and new OBD
requirements for LDVs, LDTs, MDPVs, and HDVs rated at or below 14,000 Ibs GVWR. The
feasibility of these standards is discussed below as well.

1.2 FTP NMOG+NOx Feasibility

The new emission requirements include stringent NMOG+ NOx standards over the FTP
that would require new vehicle hardware and additional control of gasoline sulfur levels in order
to achieve the 30 mg/mi fleet average level in 2025. The type of new hardware that would be
required would vary depending on the specific application and emission challenges. Smaller
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vehicles with corresponding smaller engines would generally need less new hardware while
larger vehicles and other vehicles with larger engines may need additional hardware and
improvements beyond what would be needed for the smaller vehicles with smaller engines.
Additionally, the fleet-average nature of the standards allows more challenged vehicles to be
offset by vehicles that could outperform the required fleet averages.

In order to assess the technical feasibility of a 30 mg/mi NMOG+NOx national fleet
average FTP standard and a 3 mg/mi PM vehicle standard, EPA conducted two primary analyses.
The initial analyses performed were of the current Tier 2 and LEV Il fleets. This provided a
baseline for the current federal fleet emissions performance, as well as the emissions
performance of the California LEV II fleet. The second consideration was a modal analysis of
typical vehicle emissions under certain operating conditions. In this way EPA determined the
specific emissions performance challenges that vehicle manufacturers would face in meeting the
lower fleet average emission standards. Each of these considerations is described in greater
detail below.

1.2.1 Assessment of the Current Federal Fleet Emissions

The current federal fleet is only required to be certified to an average of Tier 2 Bin 5,
equivalent to 160 mg/mi NMOG+NOx.* For example, in MY 2009 92 percent of passenger cars
and LDT1s were certified to Tier 2 Bin 5 and 91 percent of LDT2s through LDT4s were certified
to Tier 2 Bin 5. This was not an unexpected result as there was no motivation for vehicle
manufacturers to produce a federal fleet that over-complied with respect to the Tier 2 standards.
By comparison, in the MY 2009 California fleet, where compliance with the LEVII declining
NMOG requirement and the “PZEV” program encouraged manufacturers to certify to cleaner
levels, only 30 percent of the passenger cars and LDT1s were certified to Tier 2 Bin 5 and 60
percent were certified to Tier 2 Bin 3. The situation regarding the truck fleet in California was
similarly stratified, with 37 percent of the LDT2s through LDT4s being certified to Tier 2 Bin 5
and 55 percent being certified to Tier 2 Bin 3. In many cases, vehicles were being certified to a
lower standard in California and a higher standard federally. In the proposal, EPA stated a belief
that the patterns described above indicated that much of the Tier 2 fleet could be certified to a
lower federal fleet average immediately, with no major feasibility concerns.®

For the final rule, we have looked at MY2013 certification data. The MY 2013 data
indicate that more engine families are being certified to cleaner Tier 2 bins than what was
observed in previous MYs. In fact, in MY2013, while only 68% of passenger car and LDT1
families and 65% of LDT2s through LDT4s are certified to Tier 2 Bin 5, 31% of passenger car
and LDT1 and 29% of LDT2 through LDT4 are now certified to Tier 2 Bins 2 through 4. This
supports our stated belief that the Tier 2 fleet could be certified to a lower federal fleet average
without feasibility concerns. Table 1-1 shows that 58 MY2013 engine families have certified

A The current Tier 2 program does not combine NMOG and NOy emissions into one fleet-average standard. The
fleet-average standard in that program is for NOx emissions alone.

® Compliance with full useful life standards in California occurs at much lower in-use gasoline sulfur levels than is
the case with federally certified vehicles. For further discussion of the impact of gasoline fuel sulfur on light-vehicle
emissions feasibility and in-use compliance, please refer to Section 1.2.4.
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emission levels well below the Tier 2 bin to which they have been certified. The table also
shows that these engine families have emissions at or below the Tier 3 30 mg/mi NMOG+NOx

level.

Table 1-1 MY2013 Certified Engine Families with Certified Emission Levels at or Below
the Tier 3 NMOG+NOx 30 mg/mi Standard

Certified NMOG Certified
Mfr Model NMQG NO); NMOG +NOX qf emissions
(g/mi) (g/mi) +NOx Tier 2 bin | at or below
(g/mi) (g/mi) Tier 3 bin
Audi A3 0.005 0.011 0.016 0.085 20
BMW John Cooper Works All4 0.017 0.010 0.027 0.160 30
Countryman
BMW 328i xDrive 0.010 0.010 0.020 0.160 30
BMW 328 Ci Convertible 0.010 0.010 0.020 0.160 30
BMW ActiveHybrid 7 0.012 0.010 0.022 0.160 30
BMW ActiveHybrid 7 0.012 0.010 0.022 0.160 30
Chrysler Patriot 4wd 0.003 0.020 0.023 0.160 30
Chrysler Patriot 2wd 0.003 0.010 0.013 0.160 20
Chrysler Dart 0.003 0.010 0.013 0.110 20
Ford Fusion FWD 0.006 0.010 0.016 0.085 20
Ford FOCUS 0.004 0.010 0.014 0.085 20
Ford MKZ (HEV) 0.011 0.000 0.011 0.085 20
Ford MKZ (HEV) 0.011 0.000 0.011 0.085 20
Ford C-Max (PHEV) 0.008 0.010 0.018 0.085 20
GM REGAL 0.020 0.000 0.020 0.110 30
GM MALIBU 0.005 0.010 0.015 0.110 20
GM MALIBU 0.005 0.010 0.015 0.110 20
GM XTS 0.008 0.020 0.028 0.110 30
Honda INSIGHT EX 0.009 0.010 0.019 0.085 20
Honda ILX HYBRID 0.011 0.010 0.021 0.085 30
Honda CIVIC HYBRID 0.012 0.010 0.022 0.085 30
Jaguar Cars XJ3.0 0.008 0.020 0.028 0.160 30
Mazda Mazda 3 DI 5-Door 0.008 0.010 0.018 0.160 20
Mercedes-Benz | GLK 350 4MATIC 0.008 0.010 0.018 0.110 20
Mercedes-Benz | S 400 HYBRID 0.005 0.010 0.015 0.110 20
Mercedes-Benz | E 400 HYBRID 0.007 0.010 0.017 0.110 20
. NISSAN TITAN 4WD
Nissan Crew Cab XE LWB 0.024 0.000 0.024 0.160 30
Nissan NISSAN VERSA S 0.018 0.000 0.018 0.160 20
Nissan NISSAN ALTIMA 2.5SL 0.010 0.000 0.010 0.160 20
Subaru OUTBACK WAGON 0.005 0.020 0.025 0.110 30
AWD
Subaru OUTBACK WAGON 0.005 0.020 0.025 0.110 30
AWD
Suzuki GRAND VITARA 4WD 0.024 0.005 0.029 0.160 30
Toyota TACOMA 2WD 0.012 0.010 0.022 0.160 30
Toyota RX 450h AWD 0.008 0.000 0.008 0.085 20
Toyota RX 450h AWD 0.007 0.000 0.007 0.085 20
Toyota FJ CRUISER 4WD 0.019 0.010 0.029 0.160 30
Toyota LX 570 0.019 0.010 0.029 0.160 30
Toyota iQ 0.017 0.010 0.027 0.160 30




Toyota YARIS 0.018 0.010 0.028 0.160 30
Toyota PRIUS ¢ 0.006 0.000 0.006 0.085 20
Toyota PRIUS v 0.004 0.000 0.004 0.085 20
Toyota PRIUS 0.005 0.000 0.005 0.085 20
Toyota PRIUS Plug-in Hybrid 0.005 0.000 0.005 0.085 20
Toyota ES 300h 0.008 0.000 0.008 0.085 20
Toyota ES 300h 0.007 0.000 0.007 0.085 20
Toyota Camry Hybrid XLE 0.006 0.010 0.016 0.085 20
Toyota CAMRY 0.006 0.020 0.026 0.160 30
Toyota GS 450h 0.006 0.010 0.016 0.085 20
Toyota LS 460 L AWD 0.018 0.010 0.028 0.160 30
Toyota LS 600h L 0.006 0.000 0.006 0.085 20
Volkswagen Jetta Hybrid 0.008 0.007 0.015 0.085 20
Volkswagen Eos 0.004 0.008 0.012 0.085 20
Volkswagen Eos 0.004 0.008 0.012 0.085 20
Volkswagen Eos 0.004 0.008 0.012 0.085 20
Volkswagen Jetta 0.010 0.002 0.012 0.085 20
Volkswagen Jetta 0.010 0.002 0.012 0.085 20
Volkswagen Jetta 0.010 0.002 0.012 0.085 20
Volkswagen Jetta 0.010 0.002 0.012 0.085 20

Looking at the MY2013 certification data more closely and in the context of Tier 3
compliance, we find that 40 engine families are certified to emission levels low enough to
provide sufficient compliance margin (30% compliance margin, or 70% of the standard) to
enable Tier 3 compliance today.” Table 1-2 shows these 40 engine families, their certified
emission levels, and the Tier 3 bin into which they could be certified while providing 30%

compliance margin.

Table 1-2 MY2013 Certified Engine Families with Certified Emission Levels that Could be
Certified to Tier 3 Today*

Certified . .
Mfr Model I\(H\;IH?S (N/O’.‘ NMOG +NOx POS?E!" Jer

g g/mi) (g/mi) in
Audi A3 0.005 0.011 0.016 30
BMW 328i xDrive 0.010 0.010 0.020 30
BMW 328 Ci Convertible 0.010 0.010 0.020 30
Chrysler Patriot 2wd 0.003 0.010 0.013 20
Chrysler Dart 0.003 0.010 0.013 20
Ford Fusion FWD 0.006 0.010 0.016 30
Ford FOCUS 0.004 0.010 0.014 20
Ford MKZ (HEV) 0.011 0.000 0.011 20
Ford MKZ (HEV) 0.011 0.000 0.011 20

© We believe that manufacturers will target compliance margins of 20-40% under Tier 3, as discussed in section
1.2.3 of this chapter. Here we have used 30% as it represents the midpoint of that expected range.




Ford C-Max (PHEV) 0.008 0.010 0.018 30
GM REGAL 0.020 0.000 0.020 30
GM MALIBU 0.005 0.010 0.015 30
GM MALIBU 0.005 0.010 0.015 30
Honda INSIGHT EX 0.009 0.010 0.019 30
Honda ILX HYBRID 0.011 0.010 0.021 30
Mazda Mazda 3 DI 5-Door 0.008 0.010 0.018 30
Mercedes-Benz | GLK 350 4MATIC 0.008 0.010 0.018 30
Mercedes-Benz | S 400 HYBRID 0.005 0.010 0.015 30
Mercedes-Benz | E 400 HYBRID 0.007 0.010 0.017 30
Nissan NISSAN VERSA S 0.018 0.000 0.018 30
Nissan NISSAN ALTIMA 2.5SL 0.010 0.000 0.010 20
Toyota RX 450h AWD 0.008 0.000 0.008 20
Toyota RX 450h AWD 0.007 0.000 0.007 20
Toyota PRIUS ¢ 0.006 0.000 0.006 20
Toyota PRIUS v 0.004 0.000 0.004 20
Toyota PRIUS 0.005 0.000 0.005 20
Toyota PRIUS Plug-in Hybrid 0.005 0.000 0.005 20
Toyota ES 300h 0.008 0.000 0.008 20
Toyota ES 300h 0.007 0.000 0.007 20
Toyota Camry Hybrid XLE 0.006 0.010 0.016 30
Toyota GS 450h 0.006 0.010 0.016 30
Toyota LS 600h L 0.006 0.000 0.006 20
Volkswagen Jetta Hybrid 0.008 0.007 0.015 30
Volkswagen Eos 0.004 0.008 0.012 20
Volkswagen Eos 0.004 0.008 0.012 20
Volkswagen Eos 0.004 0.008 0.012 20
Volkswagen Jetta 0.010 0.002 0.012 20
Volkswagen Jetta 0.010 0.002 0.012 20
Volkswagen Jetta 0.010 0.002 0.012 20
Volkswagen Jetta 0.010 0.002 0.012 20

*Including at least a 20% compliance margin (i.e., emissions 70% of the standard).

To support the FTP emission levels finalized for heavy duty vehicles, we analyzed the
certification emission results from the 2010 through 2013 MY vehicles”. The new Tier 3 fleet
average NMOG+NOx standard in 2022 for Class 2b vehicles is 178 mg/mi while the level for
Class 3 vehicles is 247 mg/mi. Shown in Table 1-3 below are the emission levels of 2010 and
2011 MY heavy-duty vehicle models operating on various fuels. It is important to note that while
we are finalizing a useful life of 150,000 miles, the current heavy duty vehicle requirements and
therefore the reported emission results represent the 120,000 miles deteriorated results either
calculated using deterioration factors applied to the 4,000 mile test or actual aged vehicles and
components. It will be important for manufacturers to carefully manage emissions deterioration
throughout the useful life of the vehicle to meet useful life emission requirements, consistent
with the challenge for light-duty applications.

P Manufacturers will regularly carry-over data for several model years. Where available, the latest reported
certification data was used for this analysis.
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Table 1-3: 2010 thru 2013 MY Heavy Duty Vehicle FTP 120k Certification Results

Manufacturer | Models Fuel NMOG | NOx NMOG | CO | PM
Type Level* | Level +NOx | (g/mi) | (mg/
(mg/mi) | (mg/mi) | (mg/mi) mi)
Class 2b Altech F250 CNG 10 100 110 5.9 -
b Chrysler Ram 2500 | Gasoline 118 100 218 1.6 -
Chrysler Ram 2500 | Diesel 63 200 263 2 0
Chrysler Ram 2500 CNG 24 100 124 .8 -
Ford F250 Diesel 104 200 304 .9 10
General Silverado | Diesel 79 200 279 7 1
Motors 2500
Mercedes- Sprinter Diesel 4 100 104 A 10
Benz
Nissan NV 3500 | Gasoline 57 0 57 1.4
4.0L
Nissan NV 3500 | Gasoline 66 100 166 1.3 -
5.6L
Class 3 Baytech Silverado | CNG 11 100 111 1.3 -
b 3500
Chrysler Ram 3500 | Gasoline 133 200 333 2.6 -
Chrysler Ram 3500 | Diesel 52 400 452 2 3
Ford E350 ¢ | Gasoline 51 82 133 2 -
Ford E350 ¢ E85 70 65 135 1.1 -
Ford F350 Diesel 89 300 389 9 20
Ford F350 Gasoline 79 130 209 32 -
Ford F350 E85 76 83 159 1.8 -
General Silverado | Gasoline 131 150 281 34 -
Motors 3500
General Silverado | Diesel 54 200 254 S 0
Motors 3500
Mercedes- Sprinter Diesel 11 100 111 2 0
Benz
Notes:
“Diesel reported as NMHC

» Gasoline Class 2b models from General Motors and Ford certified using worst case Class 3 data
“Tested at LVW with MDPVs

1.2.2 NMOG and NOx Emissions on the FTP

To understand how several currently-used technologies described below could be used by
manufacturers to reach the stringent Tier 3 NMOG+NOx standards, it is helpful to consider



emissions formation in common modes of operation for gasoline engines, or modal analysis.”

As previously stated during the discussion of the NMOG+NOx standard, many gasoline engines
produce very little NOx over the FTP. Thus, the challenge faced by manufacturers for producing
Tier 3 compliant gasoline powertrains is to reduce the NMOG portion of the emissions. Based
on modal analysis of a gasoline powered vehicle being operated on the FTP cycle, approximately
90 percent of the NMOG emissions occur during the first 50 seconds after a cold start. In
addition, about 60 percent of the NOx emissions occur in this same period. The remainder of the
emissions, particularly NOx emissions, are made during warmed up operation when the emission
controls rely primarily on very high conversion efficiency of the catalyst. This is possible when
catalyst performance, both on warm-up and during hot operation is not impeded by sulfur in the

fuel. Figure 1-1 below shows the second-by-second emissions for NMOG and NOx following a
cold start.

Thus, effective control of these cold-start emissions, especially NMOG emissions, would
be the primary technological goal of manufacturers complying with the Tier 3 FTP standards.
As discussed below, manufacturers are already applying several technologies capable of
significant reductions in these cold start emission to vehicles currently on the road.

Cumulative NOx + THC (Normalized)

— ] O
— THC

= Y gl
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Figure 1-1 Modal Analysis of NMOG and NOx Emissions (LA92)

1.2.3 Compliance Margin

Vehicle manufacturers have historically designed vehicles to meet emissions targets
which are 50-70 percent of the emission standards after the catalytic converters have been
thermally aged and exposed to expected normal levels observed in-use of catalyst poisons (e.g.,

E A modal analysis provides a second-by-second view of the total amount of emissions over the entire cycle being
considered.
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sulfur from fuel, phosphorous from lubricating oil, etc.) out to the vehicle’s full useful life. This
difference is referred to as “compliance margin” and is a result of manufacturers’ efforts to
address all the sources of variability and emissions control system degradation that could occur
during the certification or in-use testing processes and during in-use operation. We believe that
manufacturers will continue require a compliance margin however the combined MOG+NOx
approach for Tier 3 will allow for some flexibility in the compliance margin targets. We expect
that compliance margins for the Tier 3 combined standard will range from 20% to 40%, because
the combined standard generally allows an increase in one emission constituent to be offset by a
decrease in the other. Thus, the emission design targets for Tier 3 standards at full useful life
would be approximately 18 to 24 mg/mi MOG+NOx for a Bin 30 certified vehicle at full useful
life. These sources of variability include:

Test-to-test variability (within one test site and lab-to-lab)

Build variation and manufacturing tolerances

Vehicle operation (for example: driving habits, ambient temperature, etc.)

Fuel composition
o The deleterious effects of fuel sulfur on exhaust catalysts and oxygen

Sensors

o Other fuel composition impacts

e Oil consumption

o The impact of direct emission of lubricating oil on semi-volatile organic
PM emissions

o The impact of oil additives and other components (e.g., phosphorous) and
oil ash on exhaust catalysts and oxygen sensors

For MY 2013, the compliance margin for a Tier 2 Bin 5 vehicle averaged approximately
65 percent. In other words, actual vehicle emissions performance was on average about 35
percent of a 160 mg/mi NMOG+NOx standard, or about 56 mg/mi. By comparison, for MY
2013 California-certified vehicles, the average SULEV compliance margin was somewhat less
for the more stringent standards, approximately 50 percent. We believe that the recent California
experience is a likely indicator of the smaller compliance margins that manufacturers would
design for in order to comply with the Tier 3 FTP standards. Thus, a typical Tier 2 Bin 5
vehicle, performing at 35 percent of the current standard (i.e., at about 56 mg/mi) would need
improvements sufficient to achieve the Tier 3 targets for the 30 mg/mi combined NMOG+NOx
standard.

1.2.4 Impact of Gasoline Sulfur Control on the Feasibility of the Vehicle Emission Standards

In this section, we discuss the impact of gasoline sulfur control on the feasibility of the
Tier 3 vehicle emissions standards and on the exhaust emissions of the existing in-use vehicle
fleet. Section 1.2.4.1 describes the chemistry and physics of the impacts of gasoline sulfur
compounds on exhaust catalysts. Sections 1.2.4.2, 1.2.4.3, and 1.2.4.4 summarize research on the
impacts of gasoline sulfur on vehicles utilizing various degrees of emission control technology,
with Section 1.2.4.2 summarizing historical studies on the impact of gasoline sulfur on vehicle
emissions, Section 1.2.4.3 describing impacts on Tier 2 vehicles and the existing light-duty
vehicle fleet, and Section 1.2.4.4 describing impacts on vehicles using technology consistent
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with what we expect to see in the future Tier 3 vehicle fleet. Section 1.2.4.5 provides EPA’s
assessment of the level of gasoline sulfur control necessary for light-duty vehicles to comply
with Tier 3 exhaust emission standards.

EPA’s primary findings are:

* Reducing gasoline sulfur content to a 10 ppm average will provide immediate and
significant exhaust emissions reductions to the current, in-use fleet of light-duty
vehicles.

*  Reducing gasoline sulfur content to an average of 10 ppm will enable vehicle
manufacturers to certify their entire product lines of new light-duty vehicles to the
final Tier 3 Bin 30 fleet average standards. Without such sulfur control it would not
be possible for vehicle manufacturers to reduce emissions sufficiently below Tier 2
levels to meet the new Tier 3 standards because it would require offsetting
significantly higher exhaust emissions resulting from the higher sulfur levels. EPA
has not identified any existing or developing technologies that would compensate for
or offset the higher exhaust emissions resulting from higher fuel sulfur levels.

1.2.4.1 Gasoline Sulfur Impacts on Exhaust Catalysts

Modern three-way catalytic exhaust systems utilize platinum group metals (PGM), metal
oxides and other active materials to selectively oxidize organic compounds and carbon monoxide
in the exhaust gases. These systems simultaneously reduce NOx when air-to-fuel ratio control
operates in a condition of relatively low amplitude/high frequency oscillation about the
stoichiometric point. Sulfur is a well-known catalyst poison. There is a large body of work
demonstrating sulfur inhibition of the emissions control performance of PGM three-way exhaust
catalyst systems.'>>*>¢"8%1% The nature of sulfur interactions with washcoat materials, active
catalytic materials and catalyst substrates is complex and varies with catalyst composition,
exhaust gas composition and exhaust temperature. The variation of these interactions with
exhaust gas composition and temperature means that the operational history of a vehicle is an
important factor; continuous light-load operation, throttle tip-in events and enrichment under
high-load conditions can all impact sulfur interactions with the catalyst.

Sulfur from gasoline is oxidized during spark-ignition engine combustion primarily to
SO, and, to a much lesser extent, SO5™. Sulfur oxides selectively chemically bind (chemisorb)
with, and in some cases react with, active sites and coating materials within the catalyst, thus
inhibiting the intended catalytic reactions. Sulfur oxides inhibit pollutant catalysis chiefly by
selective poisoning of active PGM, ceria sites, and the alumina washcoating material (see Figure
1-2)."" The amount of sulfur retained by an exhaust catalyst system is primarily a function of the
concentration of sulfur oxides in the incoming exhaust gases, air-to-fuel ratio feedback and
control by the engine management system, the operating temperature of the catalyst and the
active materials and coatings used within the catalyst.

In their supplemental comments on the proposed Tier 3 rule, API criticized the use of
emissions data generated using gasoline with sulfur content outside of the range of 10 ppm to 30
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ppm within EPA and other analyses of the impacts of gasoline sulfur on exhaust emissions from
current in-use (Tier 2) and future (Tier 3) light-duty vehicles. Specific examples include:

e Comparisons of exhaust emissions at 5 ppm and 28 ppm gasoline sulfur levels
within the recent EPA study of emissions from Tier 2 vehicles'

e Comparison of exhaust emissions of a SULEV vehicle at 8 ppm and 33 ppm
gasoline sulfur levels within the Takei et al. study'

e Comparison of exhaust emissions of a PZEV vehicle at 3 ppm and 33 ppm
gasoline sulfur levels within the Ball et al. study."

The relationship between changes in gasoline sulfur content and NOx, HC, NMHC and
NMOG emissions is typically linear. The linearity of sulfur impacts on NOx, NMHC and
NMOG emissions is supported by past studies with multiple fuel sulfur levels all of which
compare gasoline with differing sulfur levels that are below approximately 100 ppm (e.g. CRC
E-60 and 2001 AAM/AIAM programs as well as by comments on this rulemaking submitted by
MECA).">'*!7 An assumption of linearity of the effect of gasoline sulfur level on catalyst
efficiency between any two test fuels with differing sulfur levels is reasonable given that the
mass flow rate of sulfur in exhaust gas changes in proportion to its concentration in the fuel, and
that the chemistry of adsorption of sulfur on the active catalyst sites is an approximately-first-
order chemisorption until all active sites within a catalyst reach an equilibrium state relative to
further input of sulfur compounds. The relative linearity of the effect of gasoline sulfur level on
NMOG and NOx emissions allows exhaust emissions results generated within EPA and other
studies of gasoline sulfur at levels immediately above or below either 10 ppm or 30 ppm to be
normalized to either 10 ppm sulfur (Tier 3 gasoline) or to 30 ppm sulfur (Tier 2 gasoline, which
used in the analysis of the impacts of the Tier 3 gasoline standards on existing in-use vehicles
and future Tier 3 vehicles.

In their supplemental comments to the Tier 3 proposal, API also commented that EPA
did not show the sulfur impact on exhaust emissions at intermediate sulfur levels between 10
ppm and 30 ppm.'® In response, based on the relative linearity of the effect of gasoline sulfur
level on NMOG and NOx emissions allowing exhaust emissions to be estimated for gasoline
sulfur levels between 10 and 30 ppm, data in EPA’s analysis increased NMOG+NOx emissions
(as fuel sulfur increases) that becomes more severe (i.e., higher percentage increase in
NMOG+NOx emissions) for vehicles with extremely low'” exhaust emission (SULEV, PZEV,
LEVIII, Tier 3) as described in further detail in Sections 1.2.4.4 and 1.2.4.5.
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Figure 1-2 Functional schematic showing selective poisoning of active catalytic sites by
sulfur compounds. Adapted from Heck and Farrauto 2002.%

Selective sulfur poisoning of platinum (Pt) and rhodium (Rh) is primarily from surface-
layer chemisorption. Sulfur poisoning of palladium (Pd) and ceria appears to be via
chemisorption combined with formation of more stable metallic sulfur compounds, e.g. PdS and
Ce,0,S, present in both surface and bulk form (i.e., below the surface layer).”'****** Ceria,
zirconia and other oxygen storage components (OSC) play an important role that is crucial to
NOx reduction over Rh as the engine air-to-fuel ratio oscillates about the stoichiometric closed-
loop control point. > Ceria sulfation interferes with OSC functionality within the catalyst and
thus can have a detrimental impact on the catalyst’s ability to effectively reduce NOx emissions.
Water-gas-shift reactions are important for NOx reduction over catalysts combining Pd and ceria.
This reaction can be blocked by sulfur poisoning and may be responsible for observations of
reduced NOx activity over Pd/ceria catalysts even with exposure to fairly low levels of sulfur
(equivalent to 15 ppm in gasoline).”®?’ Pd is also of increased importance for meeting Tier 3
standards due to its unique application in the close-coupled-catalyst location required for
vehicles certifying to very stringent emission standards. Close-coupling means that the exhaust
catalyst is moved as close as possible to the engine’s exhaust ports within the packaging
constraints of an engine compartment. This ensures that the catalyst reaches its minimal
operational, or “light-off,” temperature as quickly as possible after the vehicle is started. It also
means, however, that the exhaust catalyst(s) in the close-coupled location(s) are subject to higher
exhaust temperatures during fully-warmed up operation. Pd is required in closed-coupled
catalysts due to its resistance to high-temperature thermal sintering thereby maintaining
sufficient durability of the emissions control system over the useful life of a vehicle. Sulfur
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removal from Pd requires rich operation at higher temperatures than required for sulfur removal
from other PGM catalysts.”’

In addition to its interaction with catalyst materials, sulfur can also react with the wash-
coating itself to form alumina sulfate, which in turn can block coating pores and reduce gaseous
diffusion to active materials below the coating surface (see Figure 1-2).%® This may be a
significant mechanism for the observed storage of sulfur compounds at light and moderate load
operation with subsequent, rapid release as sulfate particulate matter emissions when high-load,
high-temperature conditions are encountered.”

Operating the catalyst at a sufficiently high temperature under net reducing conditions
(e.g., air-to-fuel equivalence that is net fuel-rich of stoichiometry) can effectively release the
sulfur oxides from catalyst components. Thus, regular operation at sufficiently high
temperatures at net fuel-rich air-to-fuel ratios can minimize the effects of fuel sulfur levels on
catalyst active materials and catalyst efficiency; however, it cannot completely eliminate the
effects of sulfur poisoning. In current vehicles, desulfurization conditions occur typically at high
loads when there is a degree of commanded enrichment (i.e., fuel enrichment commanded by the
engine management system primarily for protection of engine and/or exhaust system
components). A study of Tier 2 vehicles in the in-use fleet recently completed by EPA* shows
that emission levels immediately following high speed/load operation is still a function of fuel
sulfur level for the gasoline used following desulfurization. If a vehicle operates on gasoline
with less than 10 ppm sulfur, exhaust emissions stabilize over repeat FTP tests at emissions near
those of the first FTP that follows the high speed/load operation and catalyst desulfurization. If
the vehicle continues to operate on higher sulfur gasoline following desulfurization, exhaust
emissions creep upward until a new equilibrium exhaust emissions level is established. This
suggests that lower fuel sulfur levels achieve emission benefits unachievable by catalyst
desulfurization procedures alone. Continued operation on gasoline with a 10 ppm average
sulfur content or lower is necessary after catalyst desulfurization in order to achieve emissions
reductions with the current in-use fleet.”' Furthermore, regular operation at the high exhaust
temperatures and rich air-to-fuel ratios necessary for catalyst desulfurization is not desirable and
may not be possible for future Tier 3 vehicles for several reasons:

e Thermal sintering and resultant catalyst degradation: The temperatures necessary
to release sulfur oxides are high enough to lead to thermal degradation of the
catalyst over time via thermal sintering of active materials. Sintering reduces the
surface area available to participate in reactions and thus reduces the overall
effectiveness of the catalyst.

e Operational conditions: It is not always possible to maintain fuel-rich operational
conditions and exhaust catalyst temperatures that are high enough for sulfur
removal because of cold weather, idle conditions and light-load operation.

e Increased emissions: In order to achieve greater emission reductions across a
fuller range of in-use driving conditions, vehicle manufacturers’ use of
commanded enrichment, which has been beneficial for sulfur removal, will be
greatly reduced or eliminated under Tier 3. Additionally, the fuel-rich air-to-fuel
ratios necessary for sulfur removal from active catalytic surfaces would result in
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increased PM, NMOG, CO and air toxic emissions, particularly at the high-
temperature, high load conditions (e.g., US06 or comparable) necessary for sulfur
removal. Previously used levels of commanded enrichment (e.g., under Tier 2)
would interfere with the strategies necessary to comply with more stringent Tier 3
SFTP exhaust emissions standards. There are also additional provisions within the
Tier 3 standards that further restrict the use of US06 and off-cycle commanded
enrichment in an effort to reduce high-load and off-cycle PM, NMOG, CO and air
toxic emissions.

e Expected changes to engine performance necessary to reduce fuel consumption
and greenhouse gas emissions will improve the thermal efficiency of engines and
may result in reduced exhaust temperatures.

1.2.4.2 Previous Studies of Gasoline Sulfur Impacts

This section summarizes studies to provide historical context regarding what is known
about the direct impacts of gasoline sulfur on vehicle exhaust emissions. Reducing fuel sulfur
levels has been the primary regulatory mechanism EPA has used to minimize sulfur
contamination of exhaust catalysts and to ensure optimum emissions performance over the useful
life of a vehicle. The impact of gasoline sulfur on exhaust catalyst systems has become even
more important as vehicle emission standards have become more stringent. Studies have
suggested a progressive increase in catalyst sensitivity to sulfur (in terms of percent conversion
efficiency) when standards increase in stringency and emissions levels decrease. Emission
standards under the programs that preceded the Tier 2 program (Tier 0, Tier 1 and National LEV,
or NLEV) were high enough that the impact of sulfur was considered of little importance. The
Tier 2 program recognized the importance of sulfur and reduced the sulfur levels in the fuel from
around 300 ppm to 30 ppm in conjunction with the new emission standards.” At that time, very
little work had been done to evaluate the effect of further reductions in fuel sulfur, especially on
in-use vehicles that may have some degree of catalyst deterioration due to real-world operation
or on vehicles with extremely low tailpipe emissions, as described earlier.

In 2005, EPA and several automakers jointly conducted a research program, the Mobile
Source Air Toxics (MSAT) Study that examined the effects of sulfur and other gasoline
properties such as benzene and volatility on emissions from a fleet of nine Tier 2 compliant
vehicles.”* The study found significant reductions in NOx, CO and total hydrocarbons (HC)
when the vehicles were tested on low sulfur fuel, relative to 32 ppm fuel. In particular, the study
found a 48 percent increase in NOx over the FTP when gasoline sulfur was increased from 6
ppm to 32 ppm. Given the preparatory procedures related to catalyst clean-out and loading used
by these studies, these results may represent a “best case” scenario relative to what would be
expected under more typical driving conditions. Nonetheless, these data suggested the effect of
in-use sulfur loading was largely reversible for Tier 2 vehicles, and that there were likely to be
significant emission reductions possible with further reductions in gasoline sulfur level. More
recently, EPA completed a comprehensive study on the effects of gasoline sulfur on the exhaust
emissions of Tier 2 vehicles at low to moderate mileage levels.>> Further details of this study are
summarized in Section 1.2.4.30f this preamble.
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In the NPRM, we summarized the limited data available regarding the impact of gasoline
sulfur on the near-zero exhaust emission vehicle technologies that will be necessary for Tier 3
compliance. Vehicles certified to California LEV II SULEV and PZEV standards and federal
Tier 2 Bin 2 standards achieve levels of exhaust emissions control consistent with the levels of
control that will be necessary for Tier 3 compliance. While these vehicles represent only a
relatively small subset (e.g., typically small light-duty vehicles and light-duty trucks with limited
GVWR or towing utility) of the broad range of vehicles that will need to comply with Tier 3
standards as part of a fleet-wide average, data on these vehicles provides an opportunity to study
the impact of gasoline sulfur on near-zero exhaust emission technologies and is generally
representative of technology that are expected to be used with mid-size and smaller light-duty
vehicles for Tier 3 compliance. Vehicle testing by Toyota (Takei et al.) of LEV I, LEV I1 ULEV
and prototype SULEV vehicles showed larger percentage increases in NOx and HC emissions
for SULEV vehicles as gasoline sulfur increased from 8 ppm to 30 ppm, as compared to other
LEV vehicles they tested®®. Ball et al. of Umicore Autocat USA, Inc. studied the impact of
gasoline fuel sulfur levels of 3 ppm and 33 ppm on the emissions of a 2009 Chevrolet Malibu
PZEV?’ Umicore’s testing of the Malibu PZEV vehicle showed a pronounced and progressive
trend of increasing NOx emissions (referred to as “NOx creep”) when switching from a 3 ppm
sulfur gasoline to repeated, back-to-back FTP tests using 33 ppm sulfur gasoline. The PZEV
Chevrolet Malibu, after being aged to an equivalent of 150,000 miles, demonstrated emissions at
a level consistent with the Tier 3 Bin 30 NMOG+NOx standards when operated on 3 ppm sulfur
fuel and for at least one FTP test after switching to 33 ppm certification fuel. Following
operation over 2 FTP cycles on 33 ppm sulfur fuel, NOx emissions alone were more than double
the Tier 3 30 mg/mi NMOG+NOx standard.'® This represents a 70% NOy increase between 3
ppm sulfur and 33 ppm sulfur gasolines, approximately 2-3 times of what has been previously
reported for similar changes in fuel sulfur level for Tier 2 and older vehicles.*™*’

Both the Umicore and Toyota studies suggest that the emissions from vehicles using
near-zero exhaust emissions control technology similar to what is expected for compliance with
the Tier 3 standards are more sensitive to changes in gasoline sulfur content at low (sub-30 ppm)
sulfur concentrations than technology used to meet the higher Federal Tier 2 and California LEV
IT standards. The Umicore and Toyota studies clearly indicate that a progressive increase in
catalyst sensitivity to sulfur continues as exhaust emissions decrease from levels required by
federal Tier 2 and California LEV II emissions standards to the lower levels required by Tier 3
emissions standards. In addition, although vehicles with Tier 2 technology have somewhat less
sulfur sensitivity compared to future Tier 3 vehicles, there is still significant opportunity for
further emissions reductions from the existing in-use fleet by reducing gasoline sulfur content
from 30 ppm to 10 ppm. The results of recent testing demonstrating the potential for in-use
emissions reductions from further gasoline sulfur control are summarized in Section 1.2.43).
Recent data on the impact of gasoline sulfur on vehicles with exhaust emission control
technologies that we expect to be used with Tier 3 vehicles is summarized in Sections 1.2.4.4
and 1.2.4.5.

1.2.4.3 EPA Testing of Gasoline Sulfur Effects on Tier 2 Vehicles and the In-Use Fleet

Both the MSAT* and Umicore*' studies showed the emission reduction potential of
lower sulfur fuel on Tier 2 and later technology vehicles over the FTP cycle. However, assessing
the potential for reduction on the in-use fleet requires understanding how sulfur exposure over
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time impacts emissions, and what the state of catalyst sulfur loading is for the typical vehicle in
the field. In response to these data needs, EPA conducted a new study to assess the emission
reductions expected from the in-use Tier 2 fleet with a reduction in fuel sulfur level from current
levels.** It was designed to take into consideration what was known from prior studies on sulfur
build-up in catalysts over time and the effect of periodic regeneration events that may result from
higher speed and load operation over the course of day-to-day driving.

The study sample described in this analysis consisted of 93 cars and light trucks recruited
from owners in southeast Michigan, covering model years 2007-9 with approximately 20,000-
40,000 odometer miles.*> The makes and models targeted for recruitment were chosen to be
representative of high sales vehicles covering a range of types and sizes. Test fuels were two
non-ethanol gasolines with properties typical of certification test fuel, one at a sulfur level of 5
ppm and the other at 28 ppm. All emissions data was collected using the FTP cycle at a nominal
temperature of 75 °F.

Using the 28 ppm test fuel, emissions data were collected from vehicles in their as-
received state as well as following a high-speed/load “clean-out” procedure consisting of two
back-to-back US06 cycles intended to reduce sulfur loading in the catalyst. A statistical analysis
of this data showed highly significant reductions in several pollutants including NOx and
hydrocarbons, demonstrating that sulfur loadings have a large effect on exhaust catalyst
performance, and that Tier 2 vehicles can achieve significant reductions based on removing, at
least in part, the negative impact of the sulfur loading on catalyst efficiency (Table 1-4). For
example, Bag 2 NOx emissions dropped 31 percent between the pre- and post-cleanout tests on
28 ppm fuel.
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Table 1-4 Percent Reduction in In-Use Emissions After the Clean-out

Using 28 ppm Test Fuel®
NOx THC CcO NMHC CH4 PM
(p-value) | (p-value) | (p-value) | (p-value) | (p-value) | (p-value)
Bag 1 — — 6.0% - - 15.4%
(0.0151) (<
0.0001)
Bag 2 31.4% 14.9% - 18.7% 14.4% -
(0.0003) | (0.0118) (0.0131) | (0.0019)
Bag 3 354% | 204% | 21.5% | 27.7% 10.3% | 24.5%
(<0.0001) [(<0.0001) | (0.0001) |(<0.0001)|(<0.0001)|(<0.0001)
FTP 11.4% 3.8% 6.8% 3.5% 6.0% 13.7%
Composite | (0.0002) | (0.0249) | (0.0107) | (0.0498) | (0.0011) |(<0.0001)
Bag 1 —Bag3 — — 7.2% — — —
(0.0656)

® The clean-out effect is not significant at o. = 0.10 when no reduction estimate is provided.

To assess the impact of lower sulfur fuel on in-use emissions, further testing was
conducted on a representative subset of vehicles on 28 ppm and 5 ppm fuel with accumulated
mileage. A first step in this portion of the study was to assess the differences in the effectiveness
of the clean-out procedure under different fuel sulfur levels. Table 1-5 presents a comparison of
emissions immediately following (<50 miles) the clean-out procedures at the low vs. high sulfur
level. These results show significant emission reductions for the 5 ppm fuel relative to the 28
ppm fuel immediately after this clean-out; for example, Bag 2 NOx emissions were 34 percent
lower on the 5 ppm fuel vs. the 28 ppm fuel. This indicates that the catalyst is not fully
desulfurized, even after a clean out procedure, as long as there is sulfur in the fuel. This further
indicates that current sulfur levels in gasoline continue to have a long-term, adverse effect on
exhaust emissions control that is not fully removed by intermittent clean-out procedures that can
occur in day-to-day operation of a vehicle and demonstrates that lowering sulfur levels to 10
ppm on average will significantly reduce the effects of sulfur impairment on emissions control
technology.

Table 1-5 Percent Reduction in Exhaust Emissions When Going from 28 ppm to 5 ppm
Sulfur Gasoline for the First Three Repeat FTP Tests Immediately Following Clean-out

NOx THC CO NMHC CH,4 PM*

(p-value) | (p-value) |(p-value)| (p-value) | (p-value)

Bag 1 5.3% 6.8% 6.2% 5.7% 14.0% -
(0.0513) | (0.0053) | (0.0083) | (0.0276) |(<0.0001)

Bag 2 34.4% 33.9% -? 26.4% 49.4% -
(0.0036) |(<0.0001) (0.0420) |(<0.0001)

Bag 3 42.5% 36.9% | 14.7% | 51.7% 28.5% -
(<0.0001) | (<0.0001) | (0.0041) |(<0.0001) | (<0.0001)

FTP Composite | 15.0% 13.3% 8.5% 10.9% 23.6% -
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(0.0002)

(<0.0001)

(0.0050)

(0.0012)

(<0.0001)

Bag 1 —Bag3

a

a

a

a

a

*The effectiveness of clean-out cycle is not significant at o.= 0.10.

To assess the overall in-use reduction between high and low sulfur fuel, a mixed model
analysis of all data as a function of fuel sulfur level and miles driven after cleanout was
performed. This analysis found highly significant reductions for several pollutants, as shown in
Table 1-6. Reductions for Bag 2 NOx were particularly high, estimated at 52 percent between 28
ppm and 5 ppm overall. For all pollutants, the model fitting did not find a significant miles-by-
sulfur interaction, suggesting the relative differences were not dependent on miles driven after

clean-out.

Table 1-6 Percent Reduction in Emissions from 28 ppm to 5 ppm Fuel Sulfur

on In-Use Tier 2 Vehicles

NOx THC CO NMHC | CH; |NOx*NMOG |,
(p-value) | (p-value) | (p-value) | (p-value) | (p-value) | (p-value)
Bag | 7.1% 9.2% 6.7% 8.1% | 16.6% N/A j
& (0.0216) | (0.0002) | (0.0131) | (0.0017) |(<0.0001)
51.9% | 43.3% . 42.7% | 51.8%
Bag2 | 0.0001)(<0.0001) | (0.0003) |(<0.000n) VA B
Bag 3 478% | 402% | 159% | 54.7% | 29.2% N/A }
g (< 0.0001)|(< 0.0001)| (0.0003) |(<0.0001)|(<0.0001)
FTP Composite] 1417 | 153% | 9.5% | 124% | 293% 14.4% -
p (0.0008) |(<0.0001)|(< 0.0001)|(<0.0001)|(<0.0001)| (<0.0001)
a 5.9% a b b
Bag 1 — Bag 3 — (0.0074) — — — N/A —

* Sulfur level not significant at o = 0.10.
" Inconclusive because the mixed model did not converge.

Major findings from this study include:

e Largely reversible sulfur loading is occurring in the in-use fleet of Tier 2 vehicles and
has a measureable effect on emissions of NOx, hydrocarbons, and other pollutants of
interest.

e The effectiveness of high speed/load procedures in restoring catalyst efficiency is
limited when operating on higher sulfur fuel.
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e Reducing fuel sulfur levels from current levels to levels in the range of the Tier 3
gasoline sulfur standards is expected to achieve significant reductions in emissions of
NOx, hydrocarbons, and other pollutants of interest in the current in-use fleet.

e Assuming that the emissions impacts vs. gasoline sulfur content are approximately
linear, changing gasoline sulfur content from 30 ppm to 10 ppm would result in
NMOG+NOy emissions decreasing from 52 mg/mi to 45 mg/mi, respectively (a 13%
decrease), and NOy emissions decreasing from 19 mg/mi to 16 mg/mi, respectively (a
16% decrease), for the vehicles in the study.

To evaluate the robustness of the statistical analyses assessing the overall in-use
emissions reduction between operation on high and low sulfur fuel (Table 1-6), a series of
sensitivity analyses were performed to assess the impacts on study results of measurements from
low-emitting vehicles and influential vehicles, as documented in detail in the report.** The
sensitivity analyses showed that the magnitude and the statistical significance of the results were
not impacted and thus demonstrated that the results are statistically robust. We also subjected the
design of the experiment and data analysis to a contractor-led independent peer-review process
in accordance with EPA’s peer review guidance. The results of the peer review™* largely
supported the study design, statistical analyses, and the conclusions from the program and raised
only minor concerns that have not changed the overall conclusions and have subsequently been
addressed in the final version of the report.*’

Overall, the reductions found in this study are in agreement with other low sulfur studies
conducted on Tier 2 vehicles, namely MSAT and Umicore studies mentioned above, in terms of
the magnitude of NOx and HC reductions when switching from 28 ppm to 5 ppm fuel.”® We
have reviewed the results of the emission effects study performed by SGS, which was included
with API’s comments on the Tier 3 proposal, and have concluded that these results are also
consistent with the findings of EPA’s Tier 2 in-use study, specifically that exhaust emissions
performance is sensitive to fuel sulfur level.*” The SGS study also suggests that negative effects
of exposure to a somewhat higher sulfur level (80 ppm in this case) are largely reversible for Tier
2 vehicles, meaning that reducing fuel sulfur levels nationwide will bring significant immediate
benefits by reducing emissions of the existing fleet. For further details regarding the Tier 2 In-
Use Gasoline Sulfur Effects Study, see the final report.>

As a follow-on phase to the Tier 2 in-use study, EPA analyzed five vehicles’' certified to
Tier 2 Bin 4, LEV I ULEV and LEV Il SULEV exhaust emissions standards to assess the
gasoline sulfur sensitivity of Tier 2 and California LEV II vehicles with emission levels
approaching or comparable to the Tier 3 standards. The analysis found that these low-emitting
Tier 2 vehicles showed similar or greater sensitivity to fuel sulfur levels compared to the original
Tier 2 test fleet — for example, a 24 percent reduction in FTP composite NOx emissions when
sulfur is reduced from 28 ppm to 5 ppm.>* Test results discussed below in Section 1.2.4.4 also
confirm that there is significantly increased sensitivity of exhaust emissions to gasoline sulfur as
vehicle technologies advance towards exhaust emissions approaching near-zero emissions (e.g.,
Tier 3 Bin 50 and lower). The impact of fuel sulfur on vehicles with exhaust emission control
technologies that we expect to be used with Tier 3 vehicles is summarized in the next two
Sections (1.2.4.4 and 1.2.4.5).
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EPA believes that the studies by EPA and others described in this Section strongly
support our conclusion that reducing gasoline sulfur content to a 10 ppm average will result in
significant exhaust emissions reductions from the current in-use fleet. However, some
commenters have expressed concerns about the relevance and appropriateness of the data, as
well as the conclusions drawn from them. The Summary and Analysis of Comments document,
available in the docket for this rulemaking, provides our responses to those comments.

1.2.4.4 Testing of Gasoline Sulfur Effects on Vehicles with Tier 3/LEV III Technology

The Tier 3 fleet average exhaust emissions standards of 30 mg/mi NMOG+NOx will
require large reductions of emissions across a broad range of light-duty vehicles and trucks with
differing degrees of utility. Previous studies of sulfur impacts on extremely low exhaust
emission vehicles (e.g., Toyota, Umicore) were limited to mid-size or smaller light-duty
vehicles. There are currently nonhybrid LDT3 or any LDT4 vehicles certified at or below
Federal Tier 2 Bin 3 or to the California LEV Il SULEV exhaust emission standards. At the time
of the Tier 3 NPRM, EPA was not aware of any existing data demonstrating the impact of
changes in gasoline sulfur content on larger vehicles with technology comparable to what would
be expected for compliance with Tier 3 exhaust emission standards. In their supplemental
comments to the Tier 3 proposal, API criticized EPA’s reliance on emissions data from older
vehicles that were not considered to be examples of future Tier-3-like vehicles. In order to
further evaluate this issue, the Agency initiated a test program at EPA’s National Vehicle and
Fuel Emissions Laboratory (NVFEL) in Ann Arbor, Michigan. The Agency obtained a heavy-
light-duty truck and applied changes to the design and layout of the exhaust catalyst system and
to the calibration of the engine management system consistent with our engineering analyses of
technology necessary to meet Tier 3 Bin 30 emissions with a 20 to 40% compliance margin at
150,000 miles. EPA also requested that Umicore loan the Agency the vehicle tested in their
study to undergo further evaluation of gasoline sulfur impacts on exhaust emissions. In addition,
Ford Motor Company completed testing of fuel sulfur effects on a Tier 3/LEV III developmental
heavy-light-duty truck and submitted a summary report of their findings as part of their
supplemental comments to the Tier 3 NPRM. The results of these three test programs are
summarized below.

1.2.4.4.1  Ford Motor Company Tier 3 Sulfur Test Program

Ford Motor Company recently completed testing of a heavy-light-duty truck (i.e.,
between 6000 and 8500 pounds GVWR) under development to meet the Tier 3 Bin 50 standards
on two different fuel sulfur levels and submitted the resulting data to EPA as part of its
supplemental comments. >*  The test results from this vehicle are particularly important when
considering the following factors:

e These are the first detailed emissions data submitted by a vehicle manufacturer to
the Agency demonstrating emissions of a heavy-light-duty-truck consistent with

Tier 3 Bin 50 or lower emissions levels.

e The truck tested uses a version of Ford’s 2.0 L GTDI engine, an engine with high
BMEP (approximately 23-bar) that can allow significant engine displacement
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downsizing while maintaining the truck’s utility. This is a key enabling GHG
reduction strategy analyzed by EPA in the 2017-2025 GHG Final Rule.>

e The vehicle was specifically under development by a vehicle manufacturer with
an engineering target of meeting Tier 3 Bin 50 and LEV Il ULEV50 exhaust
emissions standards.

Turbocharged, downsized engines are key technologies within Ford’s strategy to reduce GHG
emissions.”® EPA expects that trucks with configurations similar to this developmental Ford
Explorer (downsized engines with reduced GHG emissions and very low emissions of
NMOG+NOx) will become increasingly prevalent within the timeframe of the implementation of
the Tier 3 regulations.

The developmental truck used close-coupling of both catalyst substrates and relatively
high PGM loading (150 g/ft’). Ford used accelerated aging of the catalysts and O sensors to an
equivalent of 150,000 miles (the Tier 3 full useful life). The developmental hardware and engine
management calibration configuration of this truck was designed to meet federalTier 3 Bin 50
and California LEV III ULEV50 standards of 50 mg/mi NMOG+NOx at 150,000 miles. The
emissions data submitted by Ford included NOx and NMHC emissions during operation on E10
California LEV III certification fuel at two different sulfur levels, 10 ppm and 26.5 ppm. Ford
did not provide NMOG emissions data but there was sufficient information for EPA to calculate
NMOG emissions from the provided NMHC data using calculations from Title 40 CFR §
1066.665.

The truck demonstrated average FTP NMOG+NOy emissions of 37 mg/mi on the 10 ppm
E10 California LEV III fuel, emissions that are consistent with compliance with Bin 50 and
ULEVS50 standards with a reasonable margin of compliance (emissions at approximately 70% of
the standard). Retesting of the same vehicle on LEV3 E10 blended’’ to 26.5 ppm S resulted in
average NMOG+NOx emissions of 53 mg/mi, 6% above the Tier 3 Bin 50 standard. Ford found
a high level of statistical significance with respect to the increase of emissions with increasing
fuel sulfur. Assuming a linear effect of sulfur on emissions performance, NMOG+NOx
emissions would be approximately 56 mg/mi at 30 ppm sulfur, which is approximately 12%
above the Bin 50 exhaust emissions standard. This also represents an increase in NMOG+NOx
emissions of 53% with an approximate doubling of NOx emissions and a 13 % increase in
NMOG for 30 ppm sulfur gasoline vs. 10 ppm sulfur gasoline.

The advanced technology Ford truck, which was shown to be capable of complying with
the Tier 3 Bin 50 standard with a reasonable margin of compliance on 10 ppm sulfur gasoline, in
effect reverted to approximately LEV Il ULEV exhaust emissions levels when tested on higher
sulfur gasoline, equivalent to the previous level of emissions control to which earlier models of
this vehicle were certified for MY 2013. The effect of increasing gasoline sulfur levels from 10
ppm to 30 pprn58 on this vehicle essentially negated the entire benefit of the advances in
emissions control technology that were applied by the vehicle manufacturer to meet
developmental goals for compliance with Tier 3 standards. This clearly indicates, for this
vehicle model using technology representative of what would be expected for compliance with
Tier 3 Bin 50 and post 2017 GHG standards, reducing gasoline sulfur to 10 ppm is needed for
the advances in technology to achieve their intended effectiveness in reducing NMOG+NOx
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emissions. The advances in vehicle technology and the reduction in gasoline sulfur clearly are
both needed to achieve the emissions reductions called for by Tier 3.

1.2.4.4.2  EPA Re-test of Umicore 2009 Chevrolet Malibu PZEV

Ball et al. of Umicore Autocat USA, Inc. previously studied the impact of gasoline fuel
sulfur levels of 3 ppm and 33 ppm on the emissions of a 2009 Chevrolet Malibu PZEV.*® In
their supplemental comments to the Tier 3 proposal, API commented hat the composition of the
two test fuels outside of sulfur content was not held constant and thus the exhaust emissions
differences attributed to the difference in gasoline sulfur levels may have been due to other fuel
property differences.”” For example, the 3 ppm fuel used by Ball et al. was nonoxygenated EEE
Clear test fuel (essentially, Tier 2 Federal certification gasoline except with near-zero sulfur)
while the 33 ppm fuel was an oxygenated California Phase 2 LEV II certification fuel. Thus it
was not entirely clear if the changes in NOy emissions observed between tests with the two fuels
were significantly impacted by fuel composition variables other than gasoline sulfur content.
EPA obtained the same test vehicle from Umicore for retesting at the EPA NVFEL facility using
the 5 ppm and 28 ppm sulfur EO test fuels and vehicle test procedures used in EPA gasoline
sulfur effects testing on Tier 2 vehicles (see Section 1.2.4.2).

In EPA’s retest of the 2009 Chevrolet Malibu PZEV, when sulfur was the only difference
between the test fuels, the gasoline with higher sulfur resulted in significantly higher increases in
NOx emissions with increasing fuel sulfur content than was observed in the previous testing by
Ball et al. at Umicore. Assuming emissions impacts vs. gasoline sulfur content are
approximately linear, the original data from Ball et al. result in a predicted increase in NOx
emissions of approximately 40% when increasing gasoline sulfur from 10 ppm to 30 ppm. The
EPA re-testing of the same vehicle that controlled for other fuel composition differences result in
a predicted increase in NOx emissions of 93% when increasing gasoline sulfur from 10 ppm to
30 ppm, with NOx emissions approximately doubling from 22 g/mi to 43 g/mi, with no
statistically significant difference in NMOG emissions and with an increase in NMOG+NOx
emissions of 56%. The approximate doubling in NOx emissions with the Malibu PZEV between
10 ppm and 30 ppm sulfur was nearly identical to the results found during testing of the Tier 3
Bin 50 developmental Ford Explorer discussed above. The results confirm that fuel
compositional differences other than sulfur may have impacted exhaust emissions results in the
Ball et al. study by masking a substantial portion of the effect of increased fuel sulfur on NOx
emissions. When controlling for other fuel composition differences, the resultant increase in
NOx exhaust emissions due to increasing gasoline sulfur was more than double that of the
original Ball et al. study. The observed increase in NMOG+NOx emissions during EPA testing
of the Malibu PZEV was also comparable to results found with the developmental Tier 3 Bin 50
Ford Explorer. There was also a much higher increase in NOx and NMOG+NOx emissions for
both the Malibu PZEV and the Tier 3 Bin 50 Explorer with increased gasoline sulfur than was
observed with Tier 2 vehicles in the EPA Tier 2 in-use study.'

1.2.4.4.3  EPA Prototype Tier 3 Heavy-light-duty Truck Test Program

EPA purchased a 2011 Chevrolet Silverado heavy-light-duty (LDT4) pickup truck with a
developmental goal of modifying the truck to achieve exhaust emissions consistent with
compliance with the Tier 3 Bin 30 emissions standards. The truck was equipped with a 5.3L V8
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with General Motors’ “Active Fuel Management” cylinder deactivation system. This particular
truck was chosen in part because cylinder deactivation is a key technology for light-truck
compliance with future GHG standards and in part because it achieved very low emissions in its
OEM, Tier 2-compliant configuration (certified to Tier 2 Bin 4). A prototype exhaust system
was obtained from MECA consisting of high-cell-density (900 cpsi) thin-wall (2.5 mil), high-
PGM, close-coupled Pd-Rh catalysts with an additional under-body Pd-Rh catalyst. The total
catalyst volume was approximately 116 in® with a specific PGM loading of 125 g/ft* and
approximate loading ratio of 0:80:5 (Pt:Pd:Rh). Third-party (non-OEM) EMS calibration tools
were used to modify the powertrain calibration in an effort to improve catalyst light-off
performance. The final test configuration used approximately 4 degrees of timing retard and
approximately 200 rpm higher idle speed relative to the OEM configuration during and
immediately following cold-start. The exhaust catalyst system and HEGO sensors were bench
aged to an equivalent 150,000 miles using standard EPA accelerated catalyst bench-aging
procedures.” The truck was tested on California LEV III E10 certification fuel at 9 and 29 ppm
gasoline sulfur levels.

The EPA Tier 3 prototype Silverado achieved NMOG+NOx emissions of 18 mg/mi on
the 9 ppm S fuel. The NMOG+NOx emissions were approximately 60% of the Bin 30 standard
and thus are consistent with meeting the Tier 3 Bin 30 exhaust emissions standard with a
moderate compliance margin. NMOG+NOx emissions increased to 29 mg/mi on the 29 ppm S
fuel and one out of four tests exceeded the Bin 30 exhaust emissions standards. NMOG+NOx
emissions would be at 19 mg/mi and 30 mg/mi with 10 ppm and 30 ppm gasoline sulfur,
respectively, assuming a linear effect of sulfur on emissions performance. This represents an
increase in NMOG+NOx emissions of approximately 55%, comparable to increases observed
with both the EPA-tested Chevrolet Malibu PZEV and the developmental Tier 3 Bin 50 Ford
Explorer. The impact of increased gasoline sulfur on NMOG+NOx emissions was due to
comparable increases (on a percentage basis) in both NMOG and NOx emissions. This effect of
gasoline sulfur on the Prototype Silverado truck’s emissions differed from the sulfur impacts
observed on the developmental Ford Explorer, which primarily affected NOx emissions, and the
Malibu PZEV, where the impact was entirely on NOx emissions.

1.2.4.5 Gasoline Sulfur Level Necessary for New Light-duty Vehicles to Achieve Tier 3
Exhaust Emissions Standards

Meeting Tier 3 NMOG+NOx standards will require major reductions in exhaust
emissions across the entire fleet of new light-duty vehicles. As discussed in previous sections,
the Tier 3 program will require reductions in fleet average NMOG+NOy emissions of over 80
percent for the entire fleet of light-duty vehicles and light-duty trucks. This significant level of
fleet average emission reduction will require reductions from all parts of the fleet, including
vehicles models with exhaust emissions currently at or near the level of the fully phased-in Tier 3
FTP NMOG+NOx fleet average standard of 30 mg/mi.

Compliance with the more stringent Tier 3 fleet average standards will require vehicle
manufacturers to certify a significant amount of vehicles to bin standards that are below the Bin
30 fleet average standard to offset other vehicles that are certified to bin standards that remain
somewhat above the Bin 30 fleet average even after significantly reducing their emissions. At
the same time, the stringency of the Tier 3 standards will push almost all vehicle models to be
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close to or below the Bin 30 fleet average standard. There are only 2 compliance bins below Bin
30, i.e., Bin 20 and Bin 0, available to offset emissions of vehicles certifying above Bin 30.
There is also very limited ability for vehicle manufacturers to certify vehicles below the stringent
Tier 3 fleet average exhaust emissions standard since Bin 20 and Bin 30 standards for individual
vehicle certification families are approaching the engineering limits of what can be achieved for
vehicles using an internal combustion engine and Bin 0 can only be achieved by electric-only
vehicle operation. The result is that there is a very limited ability to offset sales of vehicles
certified above the 30 mg/mi fleet average emission standard. This means in general that vehicle
models currently with higher emissions will have to achieve significant emissions reductions to
minimize the gap, if any, between their certified bin levels under Tier 3 and the Tier 3 Bin 30
fleet average standard, and vehicle models currently at or below Bin 30 will also have to achieve
further emissions reductions under Tier 3 to offset the vehicles that remain certified to bin
standards somewhat above Bin 30 . The end result is a need for major reductions from all types
of vehicles in the light-duty fleet, including those above as well as most vehicles that are already
near, at, or below the Tier 3 Bin 30 fleet average standard.

Achieving exhaust emissions reductions of over 80% for the fleet, with major reductions
across all types of light-duty vehicles and light-duty trucks, will be a major technological
challenge. Vehicles already have made significant advances in controlling cold start emissions
and maximizing exhaust catalyst efficiency (e.g., improving warm-up and catalyst light-off after
cold starts and maintaining very high catalyst efficiency once warmed up) in order to meet Tier 2
and LEV II emissions standards. There are no “low-hanging fruit” remaining for additional
NMOG+NOx reductions from light-duty vehicles from a technology perspective, meaning that
vehicle manufacturers cannot merely change one aspect of emissions control and thereby achieve
all of the required reductions. Instead, compliance with light-duty Tier 3 exhaust emissions
standards will require significant improvements in all areas of emissions control — with further
improvements in fuel-system management and mixture preparation during cold start,
improvements in achieving catalyst light-off immediately after cold start, and improved catalyst
efficiency during stabilized, fully-warmed-up conditions. Manufacturers will need further
improvements in each of these areas with nearly every vehicle in order to comply with the fleet-
average Tier 3 standards.

From a technology perspective, the most likely control strategies will involve using
exhaust catalyst technologies and powertrain calibration primarily focused on reducing cold-start
emissions of NMOG, and on reducing both cold-start and warmed-up (running) emissions of
NOx. An important part of this strategy, particularly for larger vehicles having greater difficulty
achieving cold-start NMOG emissions control, will be to reduce NOx emissions to near-zero
levels. This will involve controlling engine-out NOx emissions during cold start, shortening the
cold start period prior to catalyst light-off of NOx reduction reactions, and better controlling
NOx emissions once the catalyst is fully warmed up. This is needed to allow a sufficient NMOG
compliance margin so that vehicles can meet the combined NMOG+NOx emissions standards
for their full useful life.

While significant NMOG+NOx emissions reductions can be achieved from better control
of cold start NMOG emissions, there are practical engineering limits to NMOG control for larger
displacement vehicles (e.g., large light-duty trucks with significant payload and etrailer towing
capabilities). This is based in part on the impact on NMOG emissions of the larger engine
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surface-to-volume ratio and resultant heat conduction from the combustion chamber during
warm-up. There are also tradeoffs between some cold-start NMOG controls and cold-start NOx
control. For example, secondary air injection and/or leaner fueling strategies improve catalyst
light-off for NMOG after a cold-start but also place OSC components in an oxidation state that
limits potential for NOx reduction and thus often result in higher cold-start NOx emissions.
Some applications achieve lower NMOG+NOx emissions without the use of secondary air
injection by careful calibration, changes to the catalyst formulation and balancing of catalyst HC
and NOx activity. The EPA Prototype Silverado and the developmental Ford Explorer are
specific examples of this approach.

Because of engineering limitations with large vehicles, heavy-light-trucks and other
vehicles with significant utility, we expect many applications will need close to 100% efficiency
in NOx control under fully warmed-up conditions and very fast light-off of NOx reduction
reactions over the exhaust catalyst almost immediately after cold-start for those applications.
This will require significant improvements in catalytic and engine-out NOx reduction compared
with Tier 2 vehicles and will be especially important for heavier vehicles due to the challenges of
achieving low NMOG.

These technology improvements - improving warm-up and catalyst light-off after cold
starts and maintaining very high catalyst efficiency - - once warmed up — all rely on 10 ppm
average sulfur fuel to achieve the very significant emissions reductions required for the fleet to
achieve the Tier 3 Bin 30 fleet average emissions standard. The evidence from the test results
and specific vehicle examples discussed above clearly indicate that leaving the gasoline sulfur
level at 30 ppm would largely negate the benefits of key technology improvements expected to
be used for compliance with Tier 3 exhaust emissions standards. Without the lower 10 ppm
gasoline sulfur content, the Tier 3 exhaust fleet average emissions standards would not be
achievable across the broad range of vehicles that must achieve significant exhaust emissions
reductions.

One aspect of the need for sulfur levels of 10 ppm average stems from the fact that
achieving the Tier 3 emission standards will require very careful control of the exhaust chemistry
and exhaust temperatures to ensure high catalyst efficiency. The impact of sulfur on OSC
components in the catalyst makes this a challenge even at relatively low (10 ppm) gasoline sulfur
levels. NOx conversion by exhaust catalysts is strongly influenced by the OSC components like
ceria. Ceria sulfation may play an important role in the large degradation of NOx emission
control with increased fuel sulfur levels observed in the MSAT, Umicore and EPA Tier 2 In-Use
Gasoline Sulfur Effects studies and the much more severe NOx emissions degradation observed
in recent test data from PZEV and prototype/developmental Tier 3/LEV III vehicles. ©

The importance of lower sulfur gasoline is also demonstrated by the fact that vehicles
certified to California SULEV are typically certified to higher bins for the federal Tier 2
program. Light-duty vehicles certified to CARB SULEV and federal Tier 2 Bin 2 exhaust
emission standards accounted for approximately 3.1 percent and 0.4 percent, respectively, of
vehicle sales for MY2009. Light-duty vehicles certified to SULEV under LEV II are more
typically certified federally to Tier 2 Bin 3, Bin 4 or Bin 5, and vehicles certified to SULEV and
Tier 2 Bins 3-5 comprised approximately 2.5 percent of sales for MY2009. In particular,
nonhybrid vehicles certified in California as SULEV are not certified to federal Tier 2 Bin 2
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emissions standards even though the numeric limits for NOx and NMOG are shared between the
California LEV II and federal Tier 2 programs for SULEV and Bin 2. Confidential business
information shared by the auto companies indicate that the primary reason is an inability to
demonstrate compliance with SULEV/Bin 2 emission standards after vehicles have operated in-
use on gasoline with greater than 10 ppm sulfur and with exposure to the higher sulfur gasoline
sold nationwide. While vehicles certified to the LEV Il SULEV and Tier 2 Bin 2 standards both
demonstrate compliance using certification gasoline with 15-40 ppm sulfur content, in-use
compliance of SULEV vehicles in California occurs after significant, sustained operation on
gasoline with an average of 10 ppm sulfur and a maximum cap of 30 ppm sulfur while federally
certified vehicles under the Tier 2 program operate on gasoline with an average of 30 ppm sulfur
and a maximum cap of 80 ppm sulfur. Although the SULEV and Tier 2 Bin 2 standards are
numerically equivalent, the increased sulfur exposure of in-use vehicles certified under the
federal Tier 2 program results in a need for a higher emissions compliance margin to take into
account the impact of in-use gasoline sulfur on full useful life vehicle emissions. As a result,
vehicles certified to California SULEV typically certify to emissions standards under the federal
Tier 2 program that are 1-2 certification bins higher (e.g., SULEV certified federally as Tier 2
Bin 3 or Bin 4) in order to ensure in-use compliance with emissions standards out to the full
useful life of the vehicle when operating on higher-sulfur gasoline.

There are currently no LDTs larger than LDT2 with the exception of a single hybrid
electric SUV certified to Tier 2 Bin 2 or SULEV emissions standards. We expect that additional
catalyst technologies, for example increasing catalyst surface area (volume or substrate cell
density) and/or increased PGM loading, will need to be applied to larger vehicles in order to
achieve the catalyst efficiencies necessary to comply with the Tier 3 standards, and any sulfur
impact on catalyst efficiency will have a larger impact on vehicles and trucks that rely more on
very high catalyst efficiencies in order to achieve very low emissions. The vehicle emissions data
referenced in Section 1.2.4.4 represents the only known data on non-hybrid vehicles spanning a
range from mid-size LDVs to heavy-light-trucks at the very low criteria pollutant emissions
levels that will be needed to comply with the Tier 3 exhaust emissions standards. The
developmental Ford Explorer, Chevrolet Malibu PZEV and EPA prototype Chevrolet Silverado
vehicles described in Section 1.2.4.3 also represent a range of different technology approaches to
both criteria pollution control and GHG reduction (e.g., use of secondary air vs. emphasizing
cold-start NOx control, use of engine downsizing via turbocharging vs. cylinder deactivation for
GHG control, etc.) and represent a broad range of vehicle applications and utility (mid-size
LDV, LDT3, LDT4). All of the vehicles with Tier 3/LEV III technology demonstrated greater
than 50% increases in NMOG+NOx emissions when increasing gasoline sulfur from 10 ppm to
30 ppm. Two of the vehicles showed a doubling of NOx emissions when increasing gasoline
sulfur from 10 ppm to 30 ppm. Both of the heavy-light-duty trucks with specific engineering
targets of meeting Tier 3 emissions were capable of meeting their targeted emission standards
with a sufficient compliance margin on 10 ppm sulfur gasoline and could not meet their targeted
emissions standards or could not achieve a reasonable compliance margin when tested with 30
ppm sulfur gasoline.

The negative impact of gasoline sulfur on catalytic activity and the resultant loss of
exhaust catalyst effectiveness to chemically reduce NOx and oxidize NMOG occur across all
vehicle categories. However, the impact of gasoline sulfur on the effectiveness of exhaust
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catalysts to control NOx emissions in the fully-warmed-up condition is particularly of concern
for larger vehicles (the largest LDVs and LDT3s, LDT4s, and MDPVs). Manufacturers face the
most significant challenges in reducing cold-start NMOG emissions for these vehicles. Because
of the need to reach near-zero NOx emissions levels in order to offset engineering limitations on
further NMOG exhaust emissions control with these vehicles, any significant degradation in
NOx emissions control over the useful life of the vehicle would likely prevent some if not most
larger vehicles from reaching a combined NMOG+NOx low enough to comply with the 30
mg/mi fleet-average standard. Any degradation in catalyst performance due to gasoline sulfur
would reduce or eliminate the margin necessary to ensure in-use compliance with the Tier 3
emissions standards. Certifying to a useful life of 150,000 miles versus the current 120,000
miles will further add to manufacturers’ compliance challenge for Tier 3 large light trucks (See
Section IV.7.b of the preamble for more on the useful life requirements.) These vehicles
represent a sufficiently large segment of light-duty vehicle sales now and for the foreseeable
future such that their emissions could not be sufficiently offset (and thus the fleet-average
standard could not be achieved) by certifying other vehicles to bins below the fleet average
standard.

As discussed above, achieving Tier 3 levels as an average across the light-duty fleet will
require fleet wide reductions of approximately 80%. This will require significant reductions
from all light duty vehicles, with the result that some models and types of vehicles will be at
most somewhat above the Tier 3 level, and all other models will be at or somewhat below Tier 3
levels. Achieving these reductions presents a major technology challenge. The required
reductions are of a magnitude that EPA expects manufacturers to employ advances in technology
in all of the relevant areas of emissions control — reducing engine-out emissions, reducing the
time to catalyst lightoff, improving exhaust catalyst durability at 120,000 or 150,000 miles and
improving efficiency of fully warmed up exhaust catalysts. All of these areas of emissions
control need to be improved, and gasoline sulfur reduction to a 10 ppm average is a critical part
of achieving Tier 3 levels through these emissions control technology improvements.

The use of 10 ppm average sulfur fuel is an essential part of achieving Tier 3 levels while
applying an array of advancements in emissions control technology to the light-duty fleet. The
testing of Tier 2 and Tier 3 type technology vehicles, as well as other information, shows that
sulfur has a very large impact on the effectiveness of the control technologies expected to be
used in Tier 3 vehicles. Without the reduction in sulfur to a 10 ppm average, the major
technology improvements projected under Tier 3 would only result in a limited portion of the
emissions reductions needed to achieve Tier 3 levels. For example, without the reduction in
sulfur from a 30 ppm to 10 ppm average, the technology improvements would not come close to
achieving Tier 3 levels, and in some cases might have no more effectiveness than current Tier 2
technology and achieve only approximately Tier 2 levels of exhaust emissions control.

Achieving Tier 3 levels without a reduction in sulfur to 10 ppm levels would only be
possible if there were technology improvements significantly above and beyond those discussed
above. Theoretically, without reducing sulfur levels to 10 ppm average, emissions control
technology improvements would need to provide upwards of twice as much, and in some cases
significantly more than twice as much, emissions control effectiveness as the Tier 3 technology
improvements discussed above in Section 1.2.4.4. EPA has not identified technology
improvements that could provide such a large additional increase in emissions control
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effectiveness, across the light-duty fleet, above and beyond that provided by the major
improvements in technology discussed above, without any additional gasoline reductions in
gasoline sulfur content. The impact of sulfur reduction on the effectiveness of the available
technology improvements plays such a large role in achieving the Tier 3 levels that there would
be no reasonable basis to expect that technology would be available, at the 30 ppm sulfur level,
to fill the emission control gap left from no sulfur reduction, and achieve the very significant
fleetwide reductions needed to meet the Tier 3 fleet average standards. In effect reducing sulfur
from 30 ppm to 10 ppm has such a large impact on the ability of the technology improvements to
achieve Tier 3 emissions levels that absent these sulfur reductions there is not a suite of
technology advancements available to fill the resulting gap in emissions reductions. Technology
would not be available that would achieve the Tier 3 Bin 30 average standard, across the fleet,
with sulfur at 30 ppm levels, and as a result Tier 3 levels would not be technically feasible and
achievable.

This analysis also applies to gasoline sulfur levels between 10 and 30 ppm, e.g. 20 ppm.
The Tier 3 required emissions reductions are so large and widespread across the fleet, and the
technology challenges are sufficiently high, especially for heavier vehicles, that the large
increase in emissions that would occur from a higher average sulfur level compared to a 10 ppm
average would lead to an inability for vehicle technologies to widely achieve Tier 3 levels as a
fleet wide average in order to meet the Tier 3 Bin 30 fleet average standard.

EPA acknowledges that some models in the light-duty fleet, when viewed in isolation,
may be able to achieve Tier 3 levels at current sulfur levels of 30 ppm average. Under the Tier 3
fleet average standards, it is not sufficient for one or a few of a manufacturer’s vehicle models to
meet Tier 3 levels because the manufacturer’s light-duty vehicle fleet as a whole must achieve
the Tier 3 30 mg/mi exhaust emissions standard as a fleet-wide average. As discussed above, all
vehicle models will need to achieve further reductions and be either below or no more than
somewhat above Tier 3 levels to achieve the Tier 3 standard as a fleet wide average. Absent the
reductions in sulfur levels to 10 ppm average, this is not achievable from a technology
perspective.

As discussed in Section V.A.2 of the preamble, the 10 ppm standard for sulfur in
gasoline represents the lowest practical limit from a standpoint of fuel production, handling and
transport. While lowering gasoline sulfur to average levels below 10 ppm would further help
ensure in-use vehicle compliance with the Tier 3 standards, the Agency believes that a gasoline
sulfur standard of 10 ppm, combined with the advances in emissions control technology
discussed above, will enable vehicle manufacturers to achieve compliance with a national fleet
average standard of 30 mg/mi NMOG+NOx. Not only will a 10 ppm sulfur standard enable
vehicle manufacturers to certify their entire product line of vehicles to the Tier 3 fleet average
standards, but based on the results of testing both Tier 2 vehicles and SULEV vehicles as
discussed above, reducing gasoline sulfur to a 10 ppm average should enable these vehicles to
maintain their emission performance in-use over their full useful life.
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1.3 SFTP NMOG+NOx Feasibility

The new Tier 3 emission requirements include stringent NMOG+ NOx composite
standards over the SFTP that will generally only require additional focus on fuel control of the
engines and diligent implementation of new technologies like gasoline direct injection (GDI) and
turbocharged engines. Additionally, the fleet-average nature of the standards will allow more
challenged vehicles to be offset by vehicles that could outperform the required fleet averages.

In order to assess the technical feasibility of a 50 mg/mi NMOG+NOx national fleet
average SFTP composite standard EPA conducted an analysis of data from the in-use
verification program (IUVP). The IUVP vehicles are tested by manufacturers at various ages and
mileages and the results are reported to EPA. The analysis was performed on Tier 2 and LEV 11
vehicles. This provided a baseline for the current federal fleet emissions performance, as well as
the emissions performance of the California LEV II fleet.

1.3.1 Assessment of the Current Federal Fleet Emissions

To investigate feasibility, we acquired and analyzed IUVP certification results for model
years 2010 and 2011 which represent the most recent model years of which complete [IUVP data
sets are currently available. These data included FTP composites, as well as results for the US06,
and SCO03 cycles. We focused on results for hydrocarbons (HC) and NOx. For the FTP results
HC represents non-methane organic gases (NMOG). The US06 and SCO03 results represent
NMHC+NOx.

As a first step, we averaged the results by model year and test group (engine family).
After compiling results on all three cycles for each test group, we calculated SFTP composite
estimates for each engine family as

SFTP =0.35-(FTP,,, + FTP,, ) +0.28- US06+0.37-SC03

As a second step, we then averaged the SFTP composite results by standard level and
vehicle class, focusing on results in Bins 2, 3 and 5, as well as vehicles certified to LEV-II LEV
and SULEV standards. In averaging, we treated Bin 2 and LEV-II/SULEYV standards as
equivalent, and accordingly, pooled their results. Table 1-7 shows the numbers of test groups in
each combination of standard level and vehicle class.

Table 1-7 Numbers of Test Groups Certified to Selected Tier-2 and LEV-II Standards in
Model Years 2010 and 2011

Standard Level Vehicle Class

LDV-LDT1 LDT2 LDT3 LDT4
Bin 2 + LEV-II/SULEV | 88 3 1
Bin 3 26 1
Bin 5 331 37 13 14
LEV-1II/LEV 124 17 4 4
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Figure 1-3 shows results for Bin-5 and LEV-II/LEV vehicles. It is clear that vehicles in
all four vehicle classes, from LDV to LDT4, are certified to these standards. The means show a
modest, but not striking increase with vehicle class, from approximately 30 mg/mi for LDV to
approximately 50 mg/mi for LDT4. However, an equivalent trend among the maxima is not
evident. The results also show that assuming equivalence between these two standards is
reasonable. On average it is clear that test groups certified at the Bin-5 level are capable of
meeting the target level of 50 mg/mi, although with small compliance margins. However,
relatively small numbers of families exceed this level, ranging to over 100 mg/mi.

Additionally, Figure 1-4 shows results for test groups certified to Bin-2 and Bin-3
standards. For these test groups, a trend with vehicle class is not evident, although very small
numbers of test groups are certified as trucks. In contrast to the Bin-5 vehicles, most families
certified at the Bin-2 and Bin-3 levels are well below the 50-mg/mi level, and maxima are no
higher than 7 percent below this level.
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Figure 1-3: Mean and Maximum Composite SFTP Results for HC+NOQOx for Test Groups
certified to Bin-5 and LEV-II/LEV Standards (bars and error-bars represent means and
maxima for sets of test groups, respectively)
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Figure 1-4: Mean and Maximum Composite SFTP Results for HC+NOx for Test Groups
certified to Bin-2 and Bin-3 Standards (bars and error-bars represent means and maxima
for sets of test groups, respectively)

14 Technology Description for NMOG+NOx Control

A range of technology options exist to reduce NMOG and NOx emissions from both
gasoline fueled spark ignition and diesel engines below the current Tier 2 standards. Available
options include modifications to the engine calibration, engine design, exhaust system, and after
treatment systems. The different available options have specific benefits and limitations. This
section describes the technical challenges to reducing emissions from current levels, describes
available technologies for reducing emissions, estimates the potential emissions reduction of the
different technologies, describes if there are other ancillary benefits to engine and vehicle
performance with the technology, and reviews the limits of each technology. Except where
noted, these technologies are applicable to all gasoline vehicles covered by this rule. Unique
diesel technologies are addressed in Section 1.4.2.

1.4.1 Summary of the Technical Challenge for NMOG+NOx control

The Tier 3 emission standards will require vehicle manufacturers to reduce the level of
both NMOG and NOx emissions from the existing Tier 2 fleet by approximately 80 percent over
the FTP by 2025. The FTP measures emissions during cold start, hot start, and warmed-up
vehicle city driving. The majority of NMOG and NOx emissions from gasoline fueled vehicles
measured during the FTP test historically occur during the cold start phase however emissions
during warmed-up and hot operation cannot be ignored and must be limited in order to meet Tier
3 standards. Figure 1-1, above, graphically demonstrates when NMOG and NOx emissions are
produced during a cold start. As shown in the figure, approximately 90 percent of the NMOG
emissions occur during the first 50 seconds after the cold start. In addition, about 60 percent of
the NOx emissions occur during this same 50 second period. Unlike NMOG which is mostly
controlled after the first 50 seconds, NOx emissions tend to be released throughout the remainder
of the FTP test and are particularly sensitive to fuel sulfur content. Achieving the Tier 3
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NMOG+NOx FTP emissions standard may require manufacturers to reduce both cold start
NMOG and NOx emissions and further reduce NOx emissions when the vehicle is warmed up.

The Tier 3 emission standards will also require manufacturers to maintain their current
vehicle high load NMOG+NOx emission performance as measured during the US06 operation of
the Supplemental Federal Test Procedure (SFTP). The US06 component of the SFTP is
designed to simulate higher speeds and acceleration rates during warmed up vehicle operation.
Significant quantities of NMOG and NOx emissions are produced during the US06 portion of the
SFTP if enrichment events occur to reduce exhaust temperatures during high-load operation.
Most vehicles are now avoiding these enrichment events during the US06 and achieve relatively
low NMOG+NOx emissions.

It is anticipated that manufacturers will change the design of their exhaust and catalyst
systems to reduce catalyst light-off times and reduce warmed-up and hot running emissions,
particularly NOx to almost zero, in order to achieve the Tier 3 30 mg/mi FTP NMOG+NOx
standard. Design changes to reduce catalyst light-off time can also result in higher catalyst
temperatures during high-load operation as seen during the US06 test. To achieve the
NMOG+NOx Tier 3 SFTP standard manufacturers will need to develop and implement
technologies to manage catalyst temperatures during high-load operation without using fuel
enrichment.

In addition, it is anticipated that the technologies manufacturers will use for reducing
warmed up NOx emissions during the FTP will also reduce NOx emissions during warmed up
operation on the US06.

For the catalyst to effectively reduce NMOG+NOx emissions it must reach the light-off
temperature of approximately 250 °C. Emissions during the catalyst warm up period can be
reduced by reducing the emissions produced by the engine during the catalyst warm up phase.
Emissions can also be reduced by shortening the time period required for the catalyst to reach the
light-off temperature. Reducing warmed-up NOx emissions requires improving the efficiency of
the catalyst system which will generally require little to no presence of sulfur contaminants in the
fuel.

To achieve the Tier 3 NMOG+NOx FTP emissions standards it is anticipated that vehicle
manufacturers will focus on three areas to reduce emissions:

. minimizing the emissions produced by the engine before the catalyst reaches the
light-off temperature;

. reducing the time required for the catalyst to reach the light-off temperature; and,
. improving the NOx efficiency of the catalyst during warmed-up operation.

It is anticipated that improvements in all three areas will be required particularly for
heavier passenger cars, light-duty trucks in classes LDT3 and LDT4, and MDPVs. The NOx
efficiency during warmed-up operation of vehicles certified to the Tier 2 Bin 4 emission level
and operating on low sulfur fuel (i.e. 10 ppm or lower) are such that it is anticipated that
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reductions in cold start emissions are primarily what will be required to achieve the Tier 3
NMOG+NOx standard.

Heavy-duty trucks (8,501 up to 14,000 Ibs) will have a similar challenge to meet their
Tier 3 standards along with the new SFTP requirements for this vehicle class. In addition to the
new test requirements and tighter standards, these vehicles useful life is being extended from
120,000 to 150,000 miles. Unlike lighter weight vehicles, heavy-duty trucks tend to operate at
higher loads for greater periods of time and therefore have different constraints to meet the new
requirements and more stringent standards.

For spark-ignition engines, the higher operating load of these vehicles limits the ability to
move the catalyst close to the cylinder head due to durability concerns from higher thermal
loading. This limit will constrain the ability of these trucks to quickly light-off the catalyst, it
will, however, allow them to stay out of fuel-enriched operation to maintain catalyst
temperatures when the vehicle is being operated under high load. The emissions produced
during fuel-enrichment events, which occur at high loads can be significantly greater than the
reductions achievable during the cold start and idle phase. Fuel enrichment events cause criteria
pollutant and CO, emission rates to increase and also reduces the vehicle’s fuel economy. To
achieve the NMOG+NOx FTP emissions standards while also meeting the new SFTP
requirements it is anticipated that heavy-duty vehicle manufacturers will focus on four areas for
spark ignition engines:

e reducing the emissions produced by the engine before the catalyst reaches light-
off temperature;

¢ reducing the time required for the catalyst to reach the light-off temperature;
e improving the NOx efficiency of the catalyst during warmed up operation; and,

e minimizing the time spent in fuel enrichment to reduce the operating temperature
of the catalyst.

Compression ignition or diesel engines also have limitations with thermal goals and
location of the emission control system on the vehicle. With the similar goal of providing engine
exhaust heat to the catalysts, SCR and DPF, these emission control systems may compete with
each other for thermal energy. Additionally, the SCR system and the DPF generally require
sufficient capacity or size to handle the emissions from the engine which may limit the ability to
locate them in the optimal location.

To meet Tier 3 NMOG+NOx FTP emissions standards while also meeting the new SFTP
requirements it is anticipated that heavy-duty vehicle manufacturers will focus on three areas for
compression ignition:

e reducing the emissions produced by the engine while the catalysts and SCR
system are being brought to proper operating temperature;
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e reducing the time required for the catalysts and SCR system to reach the proper
operating temperature;

e improving the NOx efficiency of the SCR during warmed up operation through
refinement in engine out emission controls and SCR strategies.

1.4.1.1 Reducing Engine Emissions Produced Before Catalyst Light-Off

During the first 50 seconds of the cold start phase of the FTP the engine is operating
either at idle or low speed and load in non-hybrid vehicles. The engine temperature is between
20 and 30 °C (68 and 86 °F). At these temperatures and under these low loads the cold engine
produces lower concentrations of NOx than NMOG. As the engine warms up and as the load
increases the concentration of NOx produced by the engine increases and the concentration of
NMOG decreases.

The design of the air induction system, combustion chamber, spark plug, and fuel
injection system determines the quantity of fuel required for stable combustion to occur in the
cold engine. Optimizing the performance of these components can provide reductions in the
amount of fuel required to produce stable combustion during these cold operating conditions.
Reductions in the amount of fuel required leads to reductions in cold start NMOG emissions.

The design considerations to minimize cold start emissions are also dependent on the fuel
injection method. Port fuel injected (PFI) engines have different design constraints than gasoline
direct injection (GDI) spark ignition engines. For both PFI and GDI engines, however, attention
to the details affecting the in cylinder air/fuel mixture can reduce cold start NMOG emissions.

It has been shown that cold start NMOG emissions in PFI engines can be reduced by
reducing the size of the fuel spray droplets and optimizing the spray targeting. Fuel impinging
on cold engine surfaces in the cylinder does not readily vaporize and does not combust.
Improving injector targeting to reduce the amount of fuel reaching the cylinder walls reduces the
amount of fuel needed to create a combustible air fuel mixture. Reducing the size of the spray
droplets improves the vaporization of the fuel and creation of a combustible mixture. 64

Droplet size can be reduced by modifying the injector orifice plate and also by increasing
the fuel pressure. Reducing droplet size and improving fuel vaporization during cold start has
been shown to reduce cold transient emissions by up to 40 percent during the cold start phase of
the FTP emission test.” This and other PFI injector technology improvements have been used to
optimize the cold start performance of today’s vehicles certified to the CA LEV Il SULEV
standards.

The mixture formation process in a DISI engine is different than a PFI engine. In a PFI
engine the fuel is injected during the intake stroke of the engine in the intake runner. The fuel
has time to evaporate during the intake stroke as the fuel and air are drawn into the cylinder. In
addition, as the engine warms up the fuel can be injected into the intake runner and engine heat
can assist in evaporating the fuel prior to the intake valve opening.
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The DISI engine injects fuel at higher fuel pressures than PFI engines directly into the
combustion chamber. In a DISI engine the fuel droplets need to evaporate and mix with the air
in the cylinder in order to form a flammable mixture.

Injecting directly into the cylinder reduces the time available for the fuel to evaporate and
mix with the intake air in a DISI engine compared to a PFI engine. An advantage of the DISI
design is that the fuel spray does not impinge on the walls of the intake manifold or other
surfaces in the cylinder.

DISI systems have the ability to split the injection timing event. At least one study has
indicated that significant reductions in hydrocarbon emissions can be achieved by splitting the
injections during the cold start of a DISI engine. An initial injection occurs during the intake
stroke and a second injection is timed to occur during the compression stroke. This injection
method reduced unburned hydrocarbon emissions 30 percent compared to a compression stroke
only injection method.®®

These are two examples of specific engine design characteristics, fuel injector design and
fuel system pressure on PFI engines and injection timing on GDI engines which can be used to
reduce cold start NMOG emissions significantly during the engine warm up prior to the catalyst
reaching the light-off temperature.

Optimizing the fuel injection system design and calibration is anticipated to be used in all
vehicle classes, including heavy-duty vehicles. It is anticipated that these described
improvements, along with improvements to other engine design characteristics, will be used to
reduce cold start emissions for passenger cars, LDTs, MDPVs, and HDTs.

Because the engine is relatively cold and the operating loads are low during the first 50
seconds of the FTP the engines typically do not produce significant quantities of NOx emissions
during this phase. In addition manufacturers tend to retard the combustion timing during the
catalyst warm up phase. Retarding combustion timing has been shown also to reduce the
concentration of NMOG in the exhaust. This calibration method further reduces peak
combustion temperatures while increasing the exhaust gas temperature compared to optimized
combustion timing. The increased exhaust gas temperature leads to improved heating of the
catalyst and reduced catalyst light-off times. Retarding combustion and other technologies for
reducing catalyst light-off time are discussed in the following section.

1.4.1.2  Reducing Catalyst Light-Off Time

The effectiveness of current vehicle emissions control systems depends in large part on
the time it takes for the catalyst to light-off, which is typically defined as the catalyst reaching a
temperature of 250°C. In order to reduce catalyst light-off time, it is expected manufacturers will
use technologies that will improve heat transfer to the catalyst during the cold start phase and
improve catalyst efficiency at lower temperatures. Technologies to reduce catalyst light-off time
include calibration changes, thermal management, close-coupled catalysts, catalyst PGM
loading, and secondary air injection. It is anticipated that in some cases where the catalyst light-
off time and efficiency are not sufficient to reduce cold start NMOG emissions, hydrocarbon
adsorbers may be utilized. The adsorbers trap hydrocarbons until such time that the catalyst is
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fully warmed up and the emissions can be oxidized by the catalyst. Note that with the exception
of hydrocarbon adsorbers each of these technologies addresses NMOG and NOx performance.
The technologies are described in greater detail below.

1.4.1.2.1 Calibration Changes to Reduce Catalyst Light-Off Time

These include calibration changes to increase the temperature and mass flow of the
exhaust prior to the catalyst reaching the light-off temperature. By reducing the time required for
the catalyst to light-off engine calibration changes can affect NMOG and NOx emissions.

Retarding combustion in a cold engine by retarding the spark advance is a well known
method for reducing the concentration of NMOG emissions in the exhaust and increasing the
exhaust gas temperature.’”*® The reduction in NMOG concentrations is due to a large fraction of
the unburned fuel within the cylinder combusting before the flame is extinguished on the
cylinder wall. Reductions of total hydrocarbon mass of up to 40 percent have been reported
from studies evaluating the effect of spark retard on exhaust emissions.

In addition to reducing the NMOG exhaust concentrations retarding the spark advance
reduces the torque produced by the engine. In order to produce the same torque and maintain the
engine speed and load at the desired level when retarding the spark advance, the air flow into the
engine is increased causing the manifold pressure to increase which can also improve
combustion stability. Retarding the combustion process also results in an increase in the exhaust
gas temperature. The retarded ignition timing during the cold start phase in addition to reducing
the NMOG emissions increases the exhaust mass flow and exhaust temperature. These changes
lead to a reduction in the time required to heat the catalyst.

The torque produced by the engine will begin to vary as the spark retard amount reaches
engine combustion limits. As the torque variations increase, the combustion process is
deteriorating and the engine performance begins to degrade due to the partial burning. It is the
level of this variability which defines the absolute maximum reduction in spark advance that can
be utilized to reduce NMOG emissions and reduce the catalyst light-off time.

Retarding combustion during cold start can be applied to spark-ignition engines in all
vehicle classes. The exhaust temperatures and NMOG emission reductions will vary based on
engine design. This calibration methodology is anticipated to be used to improve catalyst warm-
up times and reduce cold start NMOG emissions for all vehicle classes, passenger cars, LDTs,
MDPVs, and HDTs.

With the penetration of variable valve timing technology increasing in gasoline-fueled
engines additional work is being performed to characterize the impact of valve timing on cold
start emissions. The potential exists that calibration changes to the valve timing during the cold
start phase will lead to additional reductions in cold start NMOG emissions.

1.4.1.2.2  Exhaust System Thermal Management to Reduce Catalyst Light-Off Time

This category of technologies includes all design attributes meant to conduct combustion
heat into the catalyst with minimal cooling. This includes insulating the exhaust piping between
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the engine and the catalyst, reducing the wetted area of the exhaust path, reducing the thermal
mass of the exhaust system, and/or using close-coupled catalysts (i.e., the catalysts are packaged
as close to the engine cylinder head as possible to mitigate the cooling effects of longer exhaust
piping). By reducing the time required to light-off the catalyst, thermal management
technologies reduce NMOG and NOx emissions.

Moving the catalyst closer to the cylinder head is a means manufacturers have been using
to reduce both thermal losses and the catalyst light-off time. Many vehicles today use close-
coupled catalysts, a catalyst which is physically located as close as possible to the cylinder head.
Moving the catalyst from an underbody location to within inches of the cylinder head reduces the
light-off time significantly.

Another means for reducing heat losses are to replace cast exhaust manifolds with thin-
wall stamped manifolds. Reducing the mass of the exhaust system reduces the heat losses of the
system. In addition an insulating air gap can be added to the exhaust system which further
reduces the heat losses from the exhaust system, insulating air gap manifolds are also known as
dual-wall manifolds.

With thin- and dual-wall exhaust manifolds, close-coupled catalyst housings can be
welded to the manifold. This reduces the needed for manifold to catalyst flanges which further
reduces the thermal inertia of the exhaust system. Close coupling of the catalyst and reducing
the thermal mass of the exhaust system significantly reduces the light-off time of the catalyst
compared to an underbody catalyst with flanges and pipes connected to a cast exhaust manifold.

Using close-coupled catalysts reduces the heat losses between the cylinder head and
catalyst. While reducing the time required to light-off the catalyst the close-coupled catalyst can
be subject to higher temperatures than underbody catalysts during high load operating
conditions. To ensure the catalyst does not degrade manufacturers currently use fuel enrichment
to maintain the exhaust temperatures below the levels which would damage the catalyst. It is
anticipated that to meet the Tier 3 SFTP standards, manufacturers will need to ensure that fuel
enrichment is not required on the US06 portion of the FTP. Calibration measures, other than fuel
enrichment, may be required to ensure the catalyst temperature does not exceed the maximum
limits.

Another technology beginning to be used for both reducing heat loss in the exhaust and
limiting exhaust gas temperatures under high load conditions is integrating the exhaust manifold
into the cylinder head. Honda utilized this technology on the Insight’s 1.0 L VTEC-E engine.
The advantage of this technology is that it minimizes exhaust system heat loss during warm-up.
In addition with the exhaust manifold integrated in the cylinder head the cooling system can be
used to reduce the exhaust temperatures during high load operation. It is anticipated that
manufacturers will further develop this technology as means to both quickly light-off the catalyst
and reduce high-load exhaust temperatures.

To achieve the Tier 3 NMOG and NOx emissions standards it is expected that
manufacturers will optimize the thermal inertia of the exhaust system to minimize the time
needed for the catalyst to achieve the light-off temperature. In addition, the manufacturers will
need to ensure the high load performance does not cause thermal degradation of the catalyst
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system. It is expected that methods and technologies will be developed to reduce the need to use
fuel enrichment to reduce high load exhaust temperatures.

Optimizing the catalyst location and reducing the thermal inertia of the exhaust system
are design options manufacturers can apply to all vehicle classes (PCs, LDTs, MDPVs, and
HDTs) for improving vehicle cold start emission performance.

It is not anticipated HDTs with spark-ignition engines will utilize catalysts close-coupled
to the exhaust manifold. The higher operating loads of these engines results in durability
concerns due to high thermal loading. It is expected that manufacturers will work to optimize
the thermal mass of the exhaust systems to reduce losses along with optimizing the underbody
location of the catalyst. These changes are expected to improve the light-off time while not
subjecting the catalysts to the higher thermal loadings from a close coupled location.

1.4.1.2.3 Catalyst Design Changes

A number of different catalyst design changes can be implemented to reduce the time for
the catalyst to light-off. Changes include modifying the substrate design, replacing a large
volume catalyst with a cascade of two or more catalysts, and optimizing the loading and
composition of the platinum group metals (PGM).

Progress continues to be made in the development of the catalyst substrates which
provide the physical support for the catalyst components which typically include a high surface
area alumina carrier, ceria used for storing oxygen, PGM catalysts, and other components. A
key design parameter for substrates is the cell density. Today catalyst substrates can be
fabricated with cell densities up to 900 and 1,200 cells per square inch (cpsi) with wall
thicknesses approaching 0.05 mm.

Increasing the surface area of the catalyst improves the performance of the catalyst.
Higher substrate cell densities increases the surface area for a given catalyst volume. Higher
surface areas improve the catalyst efficiency and durability reducing NMOG and NOx emissions.

The limitation of the higher cell density substrates include increased exhaust system
pressures at high load conditions. The cell density and substrate frontal area are significant
factors that need to be considered to optimize the catalyst performance while limiting flow loss
at high load operation.

During the cold start phase of the FTP the engine speeds and load are low during the first
50 seconds of the test. One method for reducing the catalyst light-off time is to replace a larger
volume catalyst with two catalysts which total the same volume as the single catalyst. The
reduced volume close-coupled catalyst reduces the heat needed for this front catalyst to reach the
light-off temperature. The front catalyst of the two catalyst system will reach operating
temperature before the larger volume single catalyst, reducing the light-oftf time of the system.

All other parameters held constant, increasing the PGM loading of the catalyst also
improves the efficiency of the catalyst. The ratio of PGM metals is important as platinum,
palladium, and rhodium have different levels of effectiveness promoting oxidation and reduction
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reactions. Therefore, as the loading levels and composition of the PGM changes the light-off
performance for both NMOG and NOx need to be evaluated. Based on confidential
conversations with manufacturers it appears that there is an upper limit to the PGM loading,
beyond which further increases do not improve light-off or catalyst efficiency.

To achieve the Tier 3 NMOG and NOx emission standards it is anticipated that
manufacturers will make changes to catalyst substrates and PGM loadings. "° To achieve the
emission levels required to meet the Tier 3 NMOG+NOx standard of 30 mg/mi with a
compliance margin will require very low sulfur levels in the fuel. As described in Section
1.2.3.3 even low levels (greater than 10 ppm) of sulfur in gasoline inhibit the ability of PGM
catalysts to achieve the low levels NOx emission levels of the Tier 3 standard. For the Tier 3
FTP emission standards to be achieved and maintained, particularly in use, it is required that the
sulfur content of the fuel be reduced to 10 ppm or lower.

Manufacturers will optimize the design of their aftertreatment systems for their different
vehicles. Primary considerations include cost, light-off performance, warmed-up conversion
efficiency and the exhaust temperatures encountered by the vehicle during high load operation.
Vehicles having low power to weight ratios will tend to have higher exhaust gas temperatures
and exhaust gas flow which will result in a different design when compared to vehicles having
higher power to weight ratios.

Manufacturers and catalyst suppliers perform detailed studies evaluating the cost and
emission performance of aftertreatment systems. It is anticipated that manufacturers will
optimize their aftertreatment systems to achieve the Tier 3 standards and meet the durability
criteria for all vehicle classes (PCs, LDTs, MDPVs, and HDTs).

1.4.1.2.4 Secondary Air Injection

By injecting air directly into the exhaust stream, close to the exhaust valve, combustion
can be maintained within the exhaust, creating additional heat thereby further increasing the
catalyst temperature. The air/fuel mixture must be adjusted to provide a richer exhaust gas for
the secondary air to be effective.

Secondary air injection has been used by a variety of passenger vehicle manufacturers to
assist with achieving the emission levels required of the CA LEV II SULEV standard.
Secondary air injection systems are used after the engine has started and once exhaust port
temperatures are sufficiently high to sustain combustion in the exhaust port. When the
secondary air pump is turned on the engine control module increases the amount of fuel being
injected into the engine. Sufficient fuel is added so that the air/fuel ratio in the cylinder is rich of
stoichiometry. The exhaust contains significant quantities of CO and hydrocarbons. The rich
exhaust gas mixes with the secondary air in the exhaust port and the combustion process
continues increasing the temperature of the exhaust and rapidly heating the manifold and close-
coupled catalyst.”""

Engines which do not use secondary air injection cannot operate rich of stoichiometry as

the added enrichment would cause increased NMOG emissions. The richer cold start calibration
used with vehicles that have a secondary air injection system provides a benefit as combustion
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stability is improved. In addition, the richer calibration is not as sensitive to changes in fuel
volatility. Less volatile fuels found in the market may result in poor start and idle performance
on engines calibrated to run lean during the cold operation. Engines which use secondary air and
have a richer warm up calibration would have a greater combustion stability margin.
Manufacturers may perceive this to be a benefit for the operation of their vehicles during the cold
start and warm up phase.

Installing a secondary air injection system combined with calibration changes can be used
by manufacturers to reduce the cold start emissions and improve the catalyst light-off on existing
engine designs. It is anticipated that manufacturers will utilize this technology to improve the
cold start performance on heavier vehicles and vehicles with low power to weight ratios.
Secondary air injection has been used on vehicles to achieve the CA LEVII SULEV emission
standards. This technology can be used on engines in all vehicle classes.

It is anticipated that secondary air injection will be used primarily in combination with
close coupled catalysts. Therefore, it is not anticipated that this technology will be used with
HDTs as it is not expected that the catalyst in these vehicles will be moved to a location
sufficiently close to the exhaust manifold to provide any improvement in catalyst light-off.

HDTs tend to operate at higher loads and catalyst durability is a concern due to the
increased thermal loading as the catalyst is moved closer to the cylinder head. Moving the
catalyst closer to the exhaust manifold would result in increasing the time spent in fuel
enrichment modes to ensure the temperatures are maintained below the threshold which would
reduce the durability of the catalyst. Using fuel enrichment to control catalyst temperature
causes significant increases in criteria pollutant emissions, CO, emissions and reductions in fuel
economy.

1.4.1.2.5 Hydrocarbon Adsorbers

Hydrocarbon adsorbers trap hydrocarbons emitted by the engine when the adsorber is at
low temperatures. As the temperature of the hydrocarbon adsorber increases the trapped
hydrocarbons are released. Passive adsorbers use an additional washcoat on an existing three-
way catalyst. The adsorber is a zeolite-based material which absorbs hydrocarbons at low
exhaust temperatures and desorbs hydrocarbons as the temperature increases. A significant
technical challenge to using a passive adsorber is to design the system such that the three-way
catalyst has reached the light-off temperature prior to the adsorber coating releasing the adsorbed
hydrocarbons.

Active adsorbers use a substrate with an adsorber washcoat over which the exhaust is
directed when the exhaust temperature is below the desorption temperature of the material. Once
the exhaust temperature reaches the desorption temperature the exhaust is routed such that it no
longer passes over the adsorber. As the adsorber continues to heat in the exhaust the captured
hydrocarbons are released and oxidized by the warmed-up catalyst system.

Adsorbers have been used to reduce cold start NMOG emissions on CA LEV Il SULEV
vehicles. Additional work is being performed to further improve the performance of
hydrocarbon adsorbers.
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It is anticipated that if manufacturers have difficulty achieving the Tier 3 NMOG+NOx
emission standards because of challenging NMOG emission levels on the cold start,, they may
evaluate hydrocarbon adsorbers as an option to further reduce the NMOG emissions during the
cold start. One manufacturer used this approach to achieve the CA LEV Il SULEV standard on a
large displacement V-8 engine with the application of an active hydrocarbon adsorber.”

Hydrocarbon adsorbers can be used on all spark-ignition engines and all classes of
vehicles. It is anticipated that these technologies may be required for engines with larger
displacement and in some of the larger vehicles. It is anticipated that HDTs will be able to
achieve the emissions levels required without the use of hydrocarbon adsorbers to meet the
standard.

1.4.1.3  Improving Catalyst NOx Efficiency during Warmed-up Operation

Significant quantities of NOx emissions are produced by vehicles during warmed-up
vehicle operation on the FTP for Tier 2certified vehicles. The stabilized NOx emission levels
will need to be reduced to achieve the Tier 3 NMOG+NOx emission standard. Improving the
NOx performance of the vehicle can be achieved by improving the catalyst efficiency during
warmed-up operation. As previously described the performance of the catalyst can be improved
by modifications to the catalyst substrate, increasing cell density, increasing PGM loadings and
particularly important, reducing the sulfur level of gasoline. Three-way catalyst efficiency is
also affected by frequency and amplitude of the air/fuel ratio. For some vehicles warmed-up
catalyst NOx efficiency can be improved by optimizing the air/fuel ratio control and limiting the
amplitude of the air fuel ratio excursions. It is anticipated that a combination of changes will be
made by manufacturers including further improvements to air/fuel ratio calibration and catalyst
changes including cell density and PGM loadings.

A requirement to ensure that the NOx emission performance of the vehicles is maintained
at or below the 30 mg/mi NMOG+NOx emission standard is reduced fuel sulfur concentrations.
As described in detail in Section 1.2.3.3 further reductions in fuel sulfur concentration are
required to ensure the catalyst performance is not degraded which causes increases in NOx
emissions beyond the Tier 3 standard.

It is anticipated that manufacturers will use these catalyst and calibration technologies to
improve the warmed up NOx emissions performance of vehicles in all classes, passenger cars,
LDTs, MDPVs, and HDTs.

1.4.1.4  EPA Estimates of Technology Improvements Required for Large Light-
Duty Trucks

Discussions with and comments from vehicle manufacturers indicated that large light-
duty trucks (e.g., pickups and full-size SUVs in the LDT3 and LDT4 categories) will likely be
the most challenging light-duty vehicles to bring into compliance with the Tier 3 NMOG+NOx
standards at the 30 mg/mi corporate average emissions level. A similar challenge was addressed
when large light-duty trucks were brought into compliance with the Tier 2 standards in the
previous decade. Figure 1-5 provides a graphical representation of the effectiveness of Tier 3
technologies when combined with gasoline sulfur control for large light-duty truck applications.
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The Tier 3 technologies shown are those that can be utilized on existing vehicles and do not
require engine design changes. A compliance margin is shown in both cases. Note that the
graphical representation of the effectiveness of catalyst technologies on NOx and NMOG when
going from Tier 2 to Tier 3 also includes a reduction in gasoline sulfur levels from 30 ppm to 10
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Figure 1-5: Contribution of the expected Tier 3 technologies to large light-duty truck
compliance with the Tier 3 standards with a comparison to Tier 2 Bin 5. The technologies
and levels of control are based on a combination of confidential business information
submitted by auto manufacturers and suppliers, public data and EPA staff engineering
judgment.

1.4.2 Diesel Technologies for Achieving Tier 3 NMOG and NOx Emission Requirements

Compared to spark-ignition engines, diesel engines typically produce very low NMOG
emissions. However, diesel engines do not operate at stoichiometry preventing them from using
emission control approaches similar to spark-ignition engines to control NOx emissions. The
technical challenge for diesel engines to achieve the Tier 3 NMOG+NOx emission levels will be
to obtain significant NOx emission reductions. It is anticipated that improvements in NOx
emissions performance of diesel exhaust catalysts during the cold start phase will be a major
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technical challenge. Depending on the performance of the exhaust catalyst system, additional
reductions in warmed-up NOx emissions may also be required to achieve the Tier 3 emission
levels.

It is not anticipated that diesel engines will have difficulty achieving the Tier 3 SFTP
emission standards. The exhaust catalyst system is fully warmed up and operational on the high
load portion of the SFTP, the US06. It is anticipated that manufacturers may need to optimize
the calibration of the selective catalytic reduction (SCR) system or the NOx adsorption catalyst
(NAC) system to ensure the systems achieve the required performance.

The technical task for achieving the Tier3 standards on all diesel engines in all vehicle
classes will be to have the exhaust catalysts reach operating temperatures early in the cold-start
phase of the FTP. To achieve these improvements it is anticipated that diesel manufacturers will
focus on means to reduce NOx emissions during the engine warm-up phase after the cold start
and reducing the time required for the SCR or NAC system to begin reducing (SCR) or capturing
and reducing (NAC) the NOx.

By controlling the timing of the fuel injection event, the number of fuel injection events
and the timing of intake and exhaust valve events, the temperature of the exhaust can be
increased. Diesel engine manufacturers will optimize the injection and valvetrain calibration to
increase the exhaust temperature after the engine is started and before it has reached operating
temperature.

As with gasoline engines, locating the exhaust catalyst system closer to the cylinder head
and air-gap insulating the exhaust system or reducing the mass of the exhaust components
upstream of the catalysts can be used to build and maintain heat in the exhaust system. A variety
of technologies are available to conduct combustion heat into the exhaust catalyst system with
minimal cooling. This includes uses of dual-wall, air-gapped exhaust piping between the engine
and the catalyst or trap; reducing the wetted area of the exhaust path; and reducing the thermal
mass of the exhaust system through use of thinner wall materials. By reducing the time required
to light-off the catalysts, thermal management technologies can reduce NOx emissions from
diesel engines. Once light-off has been achieved, NOx emissions reduction for modern, base-
metal zeolite SCR systems approaches that of modern three-way catalyst systems used for
stoichiometric gasoline spark-ignition applications.”

1.5 PM Feasibility

Particulate matter emitted from internal combustion engines is a multi-component
mixture composed of elemental carbon (or soot), semi-volatile organic compounds, sulfate
compounds (primarily sulfuric acid) with associated water, nitrate compounds and trace
quantities of metallic ash. At temperatures above 1,300K, fuel hydrocarbons without access to
oxidants can pyrolize to form particles of elemental carbon. Fuel pyrolysis can occur as the result
of operation at richer than stoichiometric air-to-fuel ratio (primarily PFI gasoline GDI engines),
direct fuel impingement onto surfaces exposed to combustion (primarily GDI and diesel engines)
and non-homogeneity of the air-fuel mixture during combustion (primarily diesel engines).
Elemental carbon particles that are formed can be oxidized during later stages of combustion via
in-cylinder charge motion and reaction with oxidants. Semi-volatile organic compounds (SVOC)
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are composed primarily of organic compounds from lubricant and partial combustion products
from fuel. PM emissions from SVOC are typically gas phase when exhausted from the engine
and contribute to PM emissions via particle adsorption and nucleation after mixing with air and
cooling. Essentially, PM-associated SVOC represent the condensable fraction of NMOG
emissions. Sulfur and nitrogen compounds are emitted primarily as gaseous species (SO,, NO
and NO;). Sulfate compounds can be a significant contributor to PM emissions from stratified
lean-burn gasoline engines and diesel engines, particularly under conditions where PGM-
containing exhaust catalysts used for control of gaseous and PM emissions oxidize a large
fraction of the SO, emissions to sulfate (primarily sulfuric acid). Sulfate compounds do not
significantly contribute to PM emissions from spark-ignition engines operated at near
stoichiometric air-fuel ratios due to insufficient availability of oxygen in the exhaust for
oxidation of SO, over PGM catalysts.

Elemental carbon PM emissions can be controlled by:
e Reducing fuel impingement on piston and cylinder surfaces

e Inducing charge motion and air-fuel mixing via charge motion (e.g., tumble and
swirl) or via multiple injection (e.g., GDI and diesel/common rail applications)

e Reducing or eliminating operation at net-fuel-rich air-to-fuel ratios (PFI gasoline
and GDI applications)

e Use of wall-flow or partial-wall-flow exhaust filters (diesel applications)
SVOC PM emissions can be controlled by:
e Reducing lubricating oil consumption
e Improvements in exhaust catalyst systems used to control gaseous NMOG
emissions (e.g., increased PGM surface area in the catalyst, improvements in
achieving catalyst light-off following cold-starts, etc.)
Sulfate PM emission can be controlled by:
e Reducing or eliminating sulfur from fuels

1.5.1 PM Emissions from Light-duty Tier 2 Vehicles

In order to establish the feasibility of the Tier 3 PM emission standards, EPA conducted a
test program to measure PM emissions from Tier 2 light-duty vehicles. The test program was
designed to measure PM emissions from late model year vehicles that represented a significant
volume of annual light duty-sales and included vehicles that ranged from small cars through
trucks. In addition, GDI vehicles were included in the program as were vehicles with known
high oil consumption.
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The Agency investigated PM emissions from Tier 2 light-duty vehicles. Seventeen model
year 2005-2010 Tier 2 Bin 4, 5, and 8 vehicles were tested at the U.S. EPA National Vehicle and
Fuel Emissions Laboratory (NVFEL) facility. A summary of their characteristics are provided in
Table 1-8. They included ten cars and seven trucks. Fifteen of these vehicles had accumulated
102,000-124,000 miles prior to the launch of the test program. One vehicle had accumulated
75,000 miles and another accumulated 21,000. Three cars and one truck were equipped with
GDI engines. Twelve of the fifteen test vehicles had previously been used in the DOE V4
Program. The remaining five vehicles were recruited in southeastern Michigan. One vehicle
(vehicle K) was suspected of having atypically high oil consumption and had only 37,000 miles
of mileage accumulation. Vehicle K was a duplicate of Vehicle C and was determined to
consume two and one half times the average oil consumption of vehicle C and three vehicles of
the same make, model and model year when tested within the DOE V4 program.”

The twelve vehicles acquired from the DOE V4 Program were selected to represent a
broad cross section of some of the highest sales vehicles in the U.S. market for model years
2005-2009. These vehicles had originally been purchased by DOE with odometer readings
ranging from 10,000-60,000 miles, placed in a mileage accumulation program and operated over
the EPA Standard Road Cycle on a test track or on mileage accumulation dynamometers to
110,000-120,000 miles.” Immediately prior to inclusion in the EPA PM Test Program, the test
vehicles were serviced per the manufacturer’s published service schedule and maintenance
procedures and underwent engine oil aging over a distance of 1,000 miles accumulated over the
EPA Standard Road Cycle to stabilize engine oil contribution to PM emissions’®.

Three recruited test vehicles were selected because they used GDI technology. An
additional GDI equipped vehicle was obtained from the DOE V4 Program An attempt was made
to only recruit vehicles approaching the 120,000 mile useful life level. Testing was completed
for two of the four vehicles prior to the proposal of this rule. All of the recruited test vehicles
were thoroughly inspected, but otherwise tested as received.

All vehicles were tested on an E15 fuel with RVP, aromatic content, sulfur content, TS50
and T90 of 9.1 psi, 23.8 vol%, 7 ppm, 160F and 311F, respectively. The properties of this fuel
approximated those of a projected E15 market fuel.

The test program included three cold start and three hot start UDDS tests and three US06
tests conducted on each vehicle. FTP results were calculated for gaseous and PM emissions by
applying the cold-start and hot-start weighting factors to the complete cold and hot UDDS
results, respectively. This eliminated separate analysis of the typically very low concentration
FTP phase-2 gaseous and PM emissions samples and represented one method proposed within
40 CFR 1066 for increasing sample integration of measured gaseous and PM mass. During these
tests, triplicate PM samples were collected in parallel on PTFE membranes and single
(composite) PM samples were collected on primary and secondary quartz filters for TOT/TOR
OC/EC PM speciation analysis. Additional quartz filters were collected to determine the

¥ Vehicle K consumed approximately 1 quart per 3,000 miles vs. an average of approximately 1 quart per 8,000
miles for the other four vehicles of this make, model and year tested within the DOE V4 program.
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contribution of gas-phase artifact to the OC collected on the quartz filter samples. The
compositing of quartz filters over three repeats of each test was done to enhance the precision of
subsequent OC/EC thermogravimetric measurements. Single background (dilution air) PM
samples were also taken during each emissions test. Weekly tunnel blank and field blank PM
samples were also collected.

The following parameters were measured: NOx, NMHC, NMOG, alcohols, carbonyls,
CO, CHy, CO; and fuel consumption and PM mass as per the 40 CFR 1065 and the proposed 40
CFR part 1066 test procedures. Limited exhaust HC speciation was also performed.

PM composition was determined from filter samples taken on both quartz filters and
PTFE membranes. PM compositional analyses include determination of the contribution of
elemental and organic carbon to PM mass,’”’ elemental analysis via EDXRF, sulfate analysis via
ion chromatography and determination of the contribution of unresolved complex organic PM
compounds by GC/MS.

Note that during the compositional analysis of the PM, EPA discovered a significant
amount of silicon deposited on some of the filters. The source of the silicon was determined to
be a silicone elastomer transfer tube used to connect vehicles to the emissions measurement
equipment. The data below reflect test results that are not subject to silicone contamination. For
additional information, refer to our memo to the docket’® which describes the original analysis
and corrective actions in greater detail.
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Table 1-8: Vehicles Tested as part of EPA’s Light-Duty Vehicle PM Test Program

Vehicle Make, Model | Model Cerjtiﬁ.ed to Odometer at Fuel Used in
and Designation Year Emissions Start of . Delivery” DOE V4
Standard Program, miles Program?
Honda Civic A 12009 Tier 2/Bin5 |121,329 PFI Yes
Toyota Corolla B 2009 Tier 2/Bin5 120,929 PFI Yes
Honda Accord C 12007 Tier 2/Bin 5 | 123,695 PFI Yes
Dodge Caliber D (2007 Tier 2/Bin5 | 114,706 PFI Yes
Chevrolet Impala |E 2006 Tier 2/Bin5 | 114,284 PFI Yes
Ford Taurus F 2008 Tier 2/Bin 5 |115,444 PFI Yes
Toyota Tundra G 2005 Tier 2/Bin5 |121,243 PFI Yes
Chrysler Caravan |H |2007 Tier2/Bin 5 | 116,742 PFI Yes
Jeep Liberty I 2009 Tier 2/Bin5 | 121,590 PFI Yes
Ford Explorer J 2009 Tier 2/Bin4 121,901 PFI Yes
Honda Accord K 2007 Tier 2/Bin5 |36,958 PFI Yes
Ford F150 L |2005 Tier2/Bin8 |[111,962 PFI No
gﬁjggit P 2006  |Tier2/Bin8 |110,898 PFI No
VW Passat M |2006 Tier 2/Bin5 |102,886 TGDI No
Manufacturer’s None (Tier
Development N |PC 2/LEV I 120,011 TGDI No
Vehicle® Prototype)”
Saturn Outlook O (2009 Tier 2/Bin 5 |123,337 GDI Yes
Cadillac STS4 Q [2010 Tier 2/Bin5 21,266 GDI No
Notes:

“ PF1 is Naturally aspirated, port fuel injected; GDI is Naturally aspirated, gasoline direct
injection; TGDI is Turbocharged, gasoline direct injection
” Manufacturer’s developmental vehicle. Vehicle used a spray-guided GDI fuel system
with a centrally-mounted injector. Emissions were targeted at Tier 2 Bin 5 or better.

1.5.1.1 PM Emissions Test Results

The results of exhaust emissions tests conducted in this program are summarized in Table
1-9 and Table 1-10 for the FTP and USO06 test cycles, respectively. FTP NMOG +NOx and PM
results are also plotted in Figure 1-7 and Figure 1-8, respectively. The US06 NMOG+NOx and
PM results are shown in Figure 1-9 and Figure 1-10, respectively. In all figures, the vehicles are
divided into two groups: PFI and GDI. Within each group they are listed in the sequence of
increasing CO, emissions on the FTP test cycle. The bars shown in the figures represent the
means of triplicate measurements. The individual data points are indicated in all figures together
with the corresponding standard deviations. Vehicle Q only had one valid PM test on the FTP
test cycle and no error bars are plotted.
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Table 1-9: FTP Composite Emissions Results

Vehicle CO% CcO . NO>'< NMQG NO;'(+NMOG PM ‘
g/mile g/mile g/mile g/mile g/mile mg/mile

A 284.6 0.358 0.0239 0.0316 0.056 0.27
B 286.3 0.434 0.0461 0.0408 0.087 0.22
C 324.4 0.382 0.0231 0.0299 0.053 0.18
D 364.8 6.740 0.1432 0.0663 0.210 0.45
E 410.8 0.571 0.0600 0.0359 0.096 0.14
F 419.2 0.271 0.0151 0.0206 0.036 0.11
G 447.2 0.626 0.0424 0.0439 0.086 0.36
H 462.9 1.617 0.0507 0.0493 0.100 0.40

I 495.7 0.719 0.0317 0.0429 0.075 1.36
J 554.8 1.072 0.0281 0.0525 0.081 0.10
K 3325 0.202 0.0165 0.0171 0.034 0.93
L 568.8 2.264 0.1024 0.0822 0.185 0.39
M 365.2 0.346 0.0342 0.0261 0.060 -

N 411.0 0.735 0.0279 0.0258 0.054 2.55
0 505.2 0.599 0.0173 0.0399 0.057 4.72
P 547.0 0.649 0.3578 0.0429 0.401 0.18
Q 465.0 0.475 0.0279 0.0221 0.050 7.15
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Table 1-10: US06 Emissions Results

Vehicle CO, CcO NOx NMOG NOx+NMOG | PM
g/mile g/mile g/mile g/mile g/mile mg/mile

A 289.0 7.092 0.0212 0.0162 0.0374 0.76
B 312.8 9.315 0.0530 0.0248 0.0779 2.05
C 318.2 1.293 0.0257 0.0105 0.0362 1.05
D 413.7 9.077 0.1324 0.0127 0.1451 -

E 393.3 0.660 0.1019 0.0163 0.1183 0.46
F 422.8 1.237 0.0274 0.0124 0.0398 1.61
G 490.9 3.462 0.0369 0.0172 0.0540 -

H 467.0 1.128 0.0910 0.0134 0.1044 2.04
I 516.0 0.833 0.1852 0.0037 0.1889 3.31
J 555.9 3.015 0.1121 0.0159 0.1280 0.27
K 320.4 1.800 0.0247 0.0079 0.0326 2.84
L 595.6 5.519 0.0036 0.0125 0.0160 2.13
M 352.8 9.225 0.0481 0.0297 0.0779 -

N 401.7 0.330 0.1614 0.0048 0.1662 2.37
0 547.4 9.862 0.0377 0.0282 0.0659 -

P 529.1 2.728 0.1427 0.0116 0.1543 1.83
Q 436.6 2.595 0.0265 0.0204 0.0470 -

As shown in Figure 1-6, with the exception of one PFI passenger car (vehicle D), the FTP
NMOG+NOx emissions of all tested vehicles remained below their respective fleet average 2017
standards, but none performed below the 2025 standard.

The FTP PM from PFI vehicles remained well below the Tier 3 PM standard of 3
mg/mile, confirming that most current light duty vehicles are already capable of meeting the Tier
3 PM standard (Figure 1-7). Two GDI vehicles demonstrated FTP PM emissions above final
Tier 3 standard, indicating that additional combustion system development would be necessary
in some vehicles to achieve compliance.

As shown in Figure 1-8, with the exception of two LDTs (vehicles I and J), all vehicles
met their respective fleet average 2017 (for vehicles below 6,000pounds GVWR) or 2018 (for
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vehicles above 6,000 pounds GVWR) US06 NMOG+NOx standards. Five vehicles, four
passenger cars (vehicles A, B, F and L) and one LDT (vehicle L), produced US06 NMOG+NOx
emissions lower than the 2025 standard.

As in the case of FTP results, all PFI passenger cars remained well below the proposed
US06 10 mg/mile standard (Figure 1-9). One GDI passenger car (vehicle N) performed well
below its respective US06 PM standard and achieved PM emissions over the US06 comparable
to its performance over the FTP. In summary, all of the vehicles tested met the Tier 3 US06 PM
standards.

The suspected high oil consumption vehicle (vehicle K) emitted 3 and 2.3 times more PM
in this program than a comparable vehicle with average oil consumption (vehicle C) in the FTP
and USO06 tests, respectively.
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Figure 1-6: Composite FTP NMOG+NOx Emissions Results
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Figure 1-9: US06 PM Emissions Results
1.5.2 FTP PM Feasibility

With regard to the feasibility of the light-duty fleet to meet the Tier 3 PM standards over
the FTP and US06, we based our conclusions on the PM performance of the existing fleet. Data
on both low and high mileage light-duty vehicles demonstrate that the majority of vehicles are
currently achieving levels in the range of the Tier 3 FTP standards. A small number of vehicles
are at or just over the finalized Tier 3 standard at low mileage and would require calibration
changes, catalyst changes and/or further combustion system improvements to meet the new
standards. It is our expectation that the same calibration and catalyst changes required to address
NMOG would also provide some additional PM control. Vehicles that are currently
demonstrating higher PM emissions over the FTP at higher mileages would likely be required to
control oil consumption and combustion chamber deposits.

1.5.3 SFTP PM

Also, USO06 test data shows that many vehicles are already at or below the Tier 3
standards for US06. Vehicles that are demonstrating high PM on the US06 would need to
control enrichment and oil consumption. The oil consumption strategies are much like that
described above for controlling oil consumption on the FTP. However, given the higher engine
RPMs experienced on the US06 and the commensurate increase in oil consumption,
manufacturers will most likely focus on oil sources stemming from the piston to cylinder
interface and positive crankcase ventilation (PCV). With respect to enrichment, changing the
fuel/air mixture by increasing the fuel fraction is no longer the only tool that manufacturers have
available to them to protect engine and exhaust system components from over-temperature
conditions. With application of electronic throttle controls on nearly every light-duty vehicle,
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the manufacturer has the option to richen the air/fuel mixture by maintaining the amount of fuel
being delivered and closing the throttle plate. Previously, on manual throttle control vehicles,
the throttle plate position was established by the driver and the engine controls had no capability
to change the amount of air in the intake. While it is possible that this solution may result in a
small reduction in vehicle performance we believe that it is an effective way to reduce PM
emissions over the US06 cycle.

1.5.4 Full Useful Life: Durability and Oil Consumption

Manufacturers have informed us that they have already or are planning to reduce oil
consumption by improved sealing of the paths of oil into the combustion chamber, including
improved piston-to-cylinder interfaces. They are taking or considering these actions to address
issues of customer satisfaction, cost of ownership and improved emission control system
performance as vehicles age.

Over the past decade, many manufacturers have extended oil change intervals from the
historically required 3,000 miles interval to a now typical 10,000 mile interval or more in some
vehicle models. In order to allow for these longer intervals, improvements were made to limit
pathways for oil to enter the combustion chamber, resulting in significantly reduced oil
consumption. While customer satisfaction and longer oil change intervals, particularly for leased
vehicles where owners may be less inclined to perform frequent oil changes, were a motivation
for reducing oil consumption, improvements in the performance of the emission control system
are a secondary benefit of reduced oil consumption. Oil consumption can damage catalytic
converters by coating the areas of the catalyst that convert and oxidize the pollutants. Over time,
this can cause permanent inactivity of those areas, resulting in reduced catalytic conversion
efficiency. Reductions in oil consumption can extend the life of the catalytic converter and help
manufacturers meet longer useful life requirements. This is particularly important on vehicles
meeting the most stringent emission standards, because they will need to maintain high catalyst
efficiencies in order to meet the stringent emission standards at higher mileage.

1.6  Evaporative Emissions Feasibility

The basic technology for controlling evaporative emissions was first introduced in the
1970s. Manufacturers routed fuel tank and carburetor vapors to a canister filled with activated
carbon, where vapors were stored until engine operation allowed for purge air to be drawn
through the canister to extract the vapors for delivery to the engine intake. Over the past 30
years, evaporative emission standards and test procedures have changed several times, most
notably in the mid-1990s when enhanced evaporative controls were required to address 2- and 3-
day diurnal emissions and running losses. Refueling emission controls were added with phase-in
beginning in the 1998 MY. Almost universally manufacturers elected to integrate evaporative
and refueling emission control systems. In the mid-2000s more stringent evaporative emission
standards with E10 durability gasoline led to the development and adoption of technology to
identify and eliminate permeation of fuel through fuel tanks, fuel lines, and other fuel-system
components.

The Tier 3 evaporative emission requirements include more stringent hot-soak plus
diurnal standards that are expected to require new vehicle hardware and improved fuel system
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designs. The type of new hardware that will be required will vary depending on the specific
application and emission challenges and are described in the following section. Additionally, the
fleet-average nature of the standards would allow more challenged vehicles to be offset by
vehicles that could outperform the required fleet averages.

In order to assess the technical feasibility of the evaporative emission standards, EPA
conducted three analyses. The first analysis was a review of technology in the fleet as well as a
literature review of the technologies used to meet PZEV “zero evap” requirements in California.
The second analysis performed was based on the certification results for the current EPA-
certified evaporative families. This provided a baseline for the current fleet emissions
performance. The third analysis looked at the list of PZEV-certified vehicles in the California
LEV II/ZEV fleets. The Tier 3 evaporative emission standards are similar to the current
evaporative requirements for PZEVs in California. These analyses are described in greater detail
below.

1.6.1 Tier 3 Evaporative Emissions/Leak Control Technology Approaches

Vehicles designed to meet the Tier 3 evaporative emission standards for the full useful
life will incorporate a variety of technologies. The choice of technologies will be based on three
key elements. The first is related to hardware and designs focused on reducing emissions to
achieve “zero” fuel vapor emissions. While the emission standards are not numerically zero, the
2 and 3-day hot soak plus diurnal standards are intended primarily to allow for the non-fuel
hydrocarbons which arise from the vehicle and its interior components. The push for “zero” fuel
vapor emissions is emphasized by the inclusion of the canister bleed emission standard which is
less than 10 percent of the hot soak plus diurnal standard. Thus, we expect the technology to
focus on the largest remaining sources of emissions. The second element is related to full-life
durability. Maintaining “zero” evaporative emission levels over many years and many miles of
driving will require a focus on preventing the deterioration in fuel/evaporative control system
performance which arises from factors such as vibration, environmental conditions, and fuel
effects. The new leak standard and the related OBD evaporative control system leak monitoring
requirement are intended to get focus on elements of technology and design which will reduce
the impacts of these factors on in-use emissions by encouraging the use of more durable
integrated technologies and systems. The third element is related to fuel effects. While EPA has
kept the RVP of the fuel at 9 psi, the Tier 3 certification fuel includes 10 percent ethanol which
will have to be further considered in choices of fuel system materials and vapor lines. EPA does
not expect the change in certification fuel to affect refueling, spit back, or running loss
compliance technology or strategies.

While the three elements discussed above are important considerations in the evaporative
emission control system design, there are two other factors which come into play when
considering which technologies will come in to the fleet and on which vehicles. First, in many
cases a given technology will provide emission reduction benefits against more than one
emission standard. For example, improved activated carbon canister technology to meet the
canister bleed standard will help to meet the hot soak plus diurnal standard or reducing
fuel/evaporative system connection points to meet the leak standard will help to meet the hot
soak plus diurnal standard. Second, to varying degrees, the technologies discussed below are in
use in the fleet today, resulting in reduced emissions relative to the current requirements for
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evaporative emission standards and improved durability. Thus, not every vehicle model will use
every technology either because it is already being implemented or the required reductions to
meet the Tier 3 emission targets are not large enough to warrant its application.

In preparing this assessment EPA considered two key sources of information. The first
was the developmental studies in the literature to identify the technologies best capable of
reducing emissions.”® Second, we examined the technologies used on various PZEV zero evap
vehicles certified in the CARB ZEV program. The technologies identified as a result of our
review are summarized below first for technologies expected to see widespread use and then for
technologies with a more limited application because they are in common use today.

1.6.1.1 Technologies expected to see widespread use

Engine/fuel system conversion: As projected in our final rule RIA for the 2017-2025 GHG
emissions, EPA projects a significant movement from port fuel injection (PFI) engines to
gasoline direct injection (GDI) engines. This ranges from 60-100 percent of products for all
categories except gasoline-powered trucks over 14,000 Ibs GVWR. This reduces air induction
systems emissions by 90 percent since the GDI uses a different fuel injection timing strategy
than the PFL®!

Air Induction System (AIS) Scrubber: For vehicles/engine models not converted to GDI, EPA
projects the use of an AIS scrubber as is now used on some PZEV models. These would reduce
air induction system emissions by about90 percent.**"’

Canister honeycomb: This is a lower gasoline working capacity activated carbon device designed
to load and purge very easily and quickly. This device reduces canister bleed emissions by 90
percent but also provides control for the hot soak plus diurnal test. It comes in various sizes and
can be optimized based on the anticipated bleed emission rate.

Fuel system architecture: This includes reducing connections and improve seals and o-rings and
moving parts into the fuel tank: Vapor leaks from connections and the emission rates from these
leaks is exacerbated if poor sealing techniques or low grade seal materials are use in connectors
such as o-rings. Reducing connections in the fuel and evaporative systems and improving
techniques and materials could reduce these emissions by 90 percent. This would reduce hot
soak plus diurnal emissions, improve durability, and help to assure compliance with the leak
standard. Another means to reduce leak-related vapor emissions is to move fuel evaporative
system parts which are external to the fuel tank to the inside. Emissions from these parts would
be completely eliminated. This would reduce hot soak plus diurnal emissions, improve
durability, and help to assure compliance with the leak standard.

OBD evaporative system leak monitoring: Beginning in the 2017 model year, the OBD system
will need to be able to find, confirm, and signal a leak in the evaporative system of 0.020”
cumulative diameter or greater. This is done on most vehicles today as a part of meeting CARB
requirements, but will be mandatory under EPA regulations.

The evaporative emission standards discussed above also apply to gaseous-fueled
vehicles. EPA expects manufacturers to comply through the use of good design practices such as
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those specified in published consensus standards to address issues such as leaks from micro-
cracks and system connections and in a broader sense system mechanical and structural integrity.

1.6.1.2  Technologies expected to be optimized if necessary to achieve further
reductions:

Upgrade canister and optimize purge: This strategy is mostly available for higher powered V-8
engines. A canister with greater working capacity and/or more purge air volume could reduce
hot soak plus diurnal emissions by 80-90 percent and create capacity for the hot soak plus diurnal
and canister bleed emissions. However, it should be noted that the available emission reductions
are not large, because of the amount of purge needed to accomplish these reductions relative to
the reductions achieved from current canisters and purge strategies.***

Fuel tank and fuel line upgrades: Fuel vapor permeation contributes to hot soak plus diurnal
emissions. There are upgrades to fuel line materials which could reduce emissions in models
where these best practices are not yet used. In these situations, current permeation emission rates
could be reduced by 90 percent.

Improve fuel tank barrier layer and seam weld manufacturing: Fuel tanks are designed to limit
permeation emissions. Fuel tanks are typically made of high-density polyethylene with an
embedded barrier layer of ethyl vinyl alcohol (EvOH) representing about 1.8 percent of the
average wall thickness for reducing permeation emissions. In some cases manufacturers could
increase the EVOH barrier thickness to about 3 percent of the average wall thickness to provide a
more uniform barrier layer, to provide better protection with ethanol-based fuels, and to improve
permeation resistance generally. Recent developments in production processes have led to
improved barrier coverage around the ends of the tank where the molded plastic is pinch-welded
to form a closed vessel. This technology would likely be coupled with the increase in EvOH in
the overall tank material or other techniques to reduce permeation from these seams. These
changes are expected to decrease emission rates over the diurnal test from about 40 mg per day
to 15 mg per day from the fuel tank assembly. It is likely that this change would be done as part
of a fuel tank design changeover and not out of a normal tooling cycle.

Upgrade fill tube material and connection to fuel tank: The connection of the fill tube to the fuel
tank is the largest connection in the fuel system. Improving the security of the fill tube
connection to the tank could reduce vapor leaks. The fill tube itself has a larger diameter than
other fuel or vapor lines and thus has a relatively large diameter. For higher permeation
resistance the tube can be upgraded to one having an FKM inner layer. We would expect such
changes to occur together.

Table 1-11 presents a summary of EPA projections of the application of the widespread
technologies across the LDV, LDT, MDPV, and HDGV fleets. These projections are based on
consideration of the most effective technologies to achieve the required reductions. In this
context, effective means not only what technologies might provide the largest reductions which
could be used to meet more than one standard, but also which technologies provide these
reductions in the most cost efficient way. The baseline emission rates and percent efficiencies
from the various technologies are both EPA estimates based on review of the literature and
discussion with various manufacturers and vendors. The reductions achieved are larger than the
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difference between the baseline and design target because of the need to cover for the non-fuel
hydrocarbons which are measured in certification but decay in use. Note that the last column in
Table 1-11 identifies which standards the technology will address. In some cases the expected
emission reductions are larger from HDGVs. This is due primarily to the volume of their fuel
tanks and unique aspects of some elements of their fuels systems relative to smaller passenger
cars and light trucks.
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Table 1-11 Application of Evaporative Emission Control Technologies for Tier 3

Vehicle Class LDV LDT1 LDT2 LDT3 LDT4 MDPV LHDGV HHDGV
nonfuel (g) 0.1 0.1 0.125 0.15 0.15 0.175 0.2 0.25
MSAT std(3d/2d)(g) 0.5/0.65 0.65/0.85 0.65/0.85 0.9/1.15 0.9/1.15 1.0/1.25 1.4/1.75 1.9/2.3
T3std (g) 0.3 0.3 0.4 0.5 0.5 0.5 0.6 0.6
Canister bleed std (g) 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.03
MSAT Baseline (g) * 0.47 0.47 0.42 0.72 0.72 0.72 0.96 0.96
T3 Target (g)2 0.2 0.2 0.3 0.37 0.37 0.37 0.45 0.45
Red Needed (g) 0.27 0.27 0.12 0.35 0.35 0.35 0.51 0.51
Red Achieved (g) 0.39 0.39 0.39 0.39 0.39 0.39 0.55 0.52
Current Control | mgred & netred| mgred & netred| mgred & netred| mgred & netred| mgred & netred| mgred & netred mgred & netred| mgred & net red|Standard
Technology Emissions Efficiency |% applied mg|% applied mg|% applied mg|% applied mg|% applied mg|% applied mg|% applied mg|% applied ngAddressed
Canister 150-200mg? 90% 135_100% 135 135_100% 135 135_76% 103 135_10% 13 0] o] o] 0] (o] (o] 0o (o] T3/ bleed
honeycomb (use 150mg)
35mmx75mm
(V-4 &V-6)
Canister 150-225mg 90% 0o o] o] o 135_24% 32 135_90% 122 135_100% 135 135_100% 135 200_100% 200 200-100% 200 T3/ bleed
honeycomb (use 150mg
35mmx50mm exc HDGV)
(v-8)
AlS scrubber 150-300 mg 90% 200_40% 80 200_27% 54 200_27% 54 200_27% 54 200_27% 54 200_27% 54 (0] (0] 270_100% 270 T3
(use 225 mg)
exc HDGV*
PFI to GDI® 150-300mg 90% 200_60% 120 200_73% 146 200_73% 146 200_73% 146 200_73% 146 200_73% 146 |270_100% 270 o} o] T3
(use 225mg)
exc HDGV
Fuel system
architecture
(a)reduce 25-50mg 90% 22_100% 22 22_100% 22 22_100% 22 22_100% 22 22_100% 22 22_100% 22 45_100% 45 45_100% 45 T3/leak
connections & (use 25mg)
improve seals/ o{exc HDGV
rings 6
(b) move parts  [75-100mg 100% 75_50% 37 75_50% 37 75_50% 37 75_50% 37 75_50% 37 75_50% 37 75_50% 37 _ _ T3/leak
into tank (use 75mg)
OBD software n/a n/a 100% _ 100% _ 100% _ 100% 100% _ 100% _ 100% _ _ _ leak
upgrades7

1 based on mean plus one standard deviation for 2013 MY 2-day cert results on Tier 2 fuel

2100 mg or 25% below T3 std whichever is greater
2 (365 day per year)(1 gal per 5.6 Ibs)(1 Ib per 454g)(mg reduction/day)(1 g/1000 mg)(0.9 energy density effect); needs to be further multiplied by(15yr) (avg surv fraction for fleet)(gas price)

® based SAE 2001-01-0733

“based on SAE 2005-01-0113 and US patent 6464761
® % conversion from PFI to GDI based on RIA for 2017-2025 EPA GHG Final Rule
© reduce fuel/ evap system connections, improve seal material (FKM) in engine & fuel/ evap systems, and employ o-rings as needed
7 Most manufacturers meet the 0.020" evaporative system leak monitoring provision now; no new hardware expected
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Table 1-12 presents the information for the technologies expected to see more limited
use, but does not project application rates. It does show however, that these technologies would
in most cases provide smaller reductions than those identified in Table 1-11. In the case of the
upgraded canister and purge optimization, to the degree it is used it is more likely to be a
replacement for the canister honeycomb on V-8 engines than as an additional technology by
itself.

Table 1-12 Technologies Which May Be Optimized If Necessary to Achieve Further
Reductions in Tier 3

Upgrade 120-150mg 80-90% ~100mg
canister &

improve

purge (mostly

V-8s)

Improve fuel 75mg 70% ~50mg
tank barrier

layer

thickness and

reduce pinch

seam gaps

Filler neck 60mg 80% ~50mg
connection
and materials

ugrade®’

Fuel line 40mg 90% ~35mg
material

upgrade

1Kawasaki.M., et al, Low Gasoline Permeable Fuel
Filler Hose, SAE Technical Paper Series 971080, 1997.

1.6.2 Assessment of the Current EPA Certification Emissions

EPA’s current evaporative emission standards vary by vehicle category. Table 1-13
shows the currently applicable hot-soak plus diurnal emission standards and Table 1-14 shows
the Tier 3 standards.
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Table 1-13 Existing EPA Evaporative Emission Standards

Vehicle Category Hot-soak plus Diurnal (2-day) Hot-soak plus Diurnal (3-day)
LDV 0.65 g/test 0.50 g/ test
LDTI1/LDT2 0.85 g/test 0.65 g/test
LDT3/LDT4 1.15 g/test 0.90 g/test
MDPV 1.25 g/test 1.00 g/test
HDGYV <14,000 Ibs
GVWR 1.75 g/test 1.4 g/test
HDGYV > 14,000 Ibs
GVWR 2.3 g/test 1.9 g/test

Table 1-14 Final Tier 3 Evaporative Emission Standards

Vehicle Category/Averaging Sets Highest Hot Soak + Diurnal Level
(over both 2-day and 3-day diurnal tests)
LDV, LDTI 0.300 g/test
LDT2 0.400 g/test
LDT3, LDT4, MDPV 0.500 g/test
HDGVs 0.600 g/test

Based on MY2013 certification data, EPA analyzed the certification hot-soak plus diurnal

emission levels for all vehicle categories that will be subject to the Tier 3 standards.

The

following figure shows the hot-soak plus diurnal certification levels (based on the 2-day diurnal
test) for each vehicle category ordered from the lowest to the highest emission levels. (While not
presented in this analysis, the data based on the 3-day diurnal tests shows a similar trend.)
Figure 1-10 also shows the existing and Tier 3 evaporative emission standards.
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Figure 1-10: MY2013 PZEV & Federal Hot-soak Plus Diurnal (2-Day) Emission
Certification Levels®

It should be noted that the current evaporative emission data is based on a different
certification test fuel than what is being implemented for the Tier 3 program. While both the
current and Tier 3 certification fuels have a Reid vapor pressure of nominally 9.0 psi, EPA’s
current certification test fuel contains no ethanol, whereas the Tier 3 certification fuel contains
10 percent ethanol. Nevertheless, EPA believes this information is still useful in gaging the level
of effort needed by manufacturers to comply with the Tier 3 standards. It is generally
understood that ethanol can impact permeation emissions from the fuel tank and fuel lines to
some degree, but the bulk of evaporative emissions are from diurnal emissions which are
primarily a function of the Reid vapor pressure of the fuel which will be maintained at 9.0 psi
and therefore should not be impacted by the presence of ethanol in the certification fuel.

As can be seen from the figure, there are many families certified below the Tier 3 hot-
soak plus diurnal standards. Of the nearly 450 evaporative families included in the analysis, 40
percent had certification levels below the Tier 3 standards. Some of these families (~50) are
certified to the more stringent PZEV standards, upon which the Tier 3 evaporative emission
standards are based, but most of the families are not. However, the Tier 3 evaporative emission
standards include a new canister bleed test that is not required under the current EPA regulations.
(The families certified to the PZEV requirements are subject to a similar requirement and would
likely meet that new canister bleed test requirement and longer useful life period without further
modification.) Therefore, even though many families are certified below the Tier 3 evaporative
emission standards, manufacturers would still need to make additional changes with many of the
evaporative control systems to ensure compliance with the standards. We expect that

G Note that LHDGVs are vehicles rated 8,501-14,000 Ibs GVWR; HHDGVs are vehicles rated greater than 14,000
Ibs GVWR.
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manufacturers would use the technologies discussed above and use allowances and ABT to
minimize costs and assist in an orderly phase-in of compliant products. In 2013, the baseline
certification values used for our analysis were 0.41 g HC/test for LDVs, LDT1/2s, 0.5 for
LDT3/4 and MDPVs, and 0.63 for HDGVs.

1.6.3 Assessment of California-certified PZEVs

Based on the California Air Resources Board’s MY2013 certification list, EPA identified
the vehicles certified by manufacturers to the PZEV requirements. As noted earlier, the Tier 3
evaporative emission standards are very similar to the PZEV evaporative emission requirements
and, as allowed with one of the options for MY2017, manufacturers could sell their evaporative
emission compliant PZEV vehicles nationwide in MY2017. Manufacturers have certified over
50 models of passenger cars and light-duty trucks to the PZEV requirements. EPA believes that
manufacturer’s experience with PZEV technologies will assist them as they work to apply
similar technologies across their fleets to comply with the Tier 3 evaporative emission standards.
As described in more detail above, EPA expects manufacturers will employ a number of
technologies to meet the Tier 3 standards. The anticipated control technologies to comply with
the emission standards have already been included on many of the PZEVs. Table 1-15 shows the
12 manufacturers and over 50 models certified to the PZEV standards in MY2013. Two other
manufacturers certified PZEVs in previous model years as well.
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Table 1-15 List of MY2013 Models Certified to CARB’s PZEV RequirementsH

Manufacturer Models

AUDI/'VOLKSWAGEN | Audi A3, Volkswagen GTI, Volkswagen Jetta, Volkswagen Golf,
Volkswagen Jetta Sportwagen, Volkswagen Jetta, Volkswagen
Jetta GLI, Volkswagen GTI, Volkswagen CC, Volkswagen Beetle,
Volkswagen Passsat

BMW BMW 128i, BMW 328i, BMW 328Ci
CHRYSLER Chrysler 200, Dodge Avenger
FORD Ford Escape Hybrid, C-MAX Hybrid,

Ford Focus, Ford Fusion Hybrid

GENERAL MOTORS Chevy Volt, Chevy Malibu Hybrid, Chevy Cruze, Chevy Sonic,
Buick LaCrosse, Buick Regal, Cadillac ATS, Chevy Equinox,
Chevy Impala, GMC Terrain

HONDA Honda Civic GX (CNG), Honda Civic Hybrid,
Honda CR-Z Hybrid, Honda Insight, Honda Insight Hybrid, Honda
Accord
HYUNDAI Elantra, Tucson, Sonata, Sonata Hybrid
KIA Kia Sportage, Kia Forte, Kia Forte ECO, Kia Forte KOUP,
Kia Optima Hybrid
MAZDA Mazda 3
MERCEDES Mercedes S400 Hybrid, Mercedes C300/
C350/E350/GLK350/E400 Hybrid
SUBARU Subaru Legacy, Subaru Outback Wagon, Subaru Forester , Subaru
Impreza, Subaru XV Crosstrek
TOYOTA Toyota Prius, Toyota Camry, Toyota Camry Hybrid, Toyota Prius
Hybrid

1.7  ORVR for Complete HDGVs over 10,000 Ibs GVWR

This final rule includes onboard refueling vapor recovery (ORVR) requirements
for complete HDGVs over 10,000 Ibs but equal to or less than 14,000 Ibs GVWR beginning in
the 2018 model year. Due to the similarity of the vehicle chassis and fuel systems and the
commonality of chassis production lines, manufacturers have all implemented ORVR hardware
on complete Class 3 HDGVs (10,001-14,000 Ibs GVWR) since the 2006 MY when the ORVR
phase-in covering Class 2b vehicles (8,501- 10,000 Ibs GVWR) ended. Today, about XX percent
of Class 3 vehicles are incomplete chassis. EPA is including this requirement in Tier 3 to ensure
no backsliding and to give states the opportunity to claim the ORVR reductions for Tier 3
vehicles in their SIPs. This is especially important to states removing Stage Il vapor recovery.
Furthermore, EPA is including ORVR requirements for any complete HDGVs over 14,000 lbs
GVWR effective in the 2022 model year when the Tier 3 evaporative emissions phase-in ends.

" See http://driveclean.ca.gov/searchresults by smog.php?smog_slider value=9&x=12&y=12, downloaded on
December 6, 2013.
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While sales of HDGVs over 14,000 Ibs are relatively low, today all would be classified as
incomplete chassis for the purposes of the ORVR requirement.

EPA is not extending the ORVR requirement to incomplete HDGV chassis in this
rule. There is no question of the basic technical feasibility of the requirement. However,
manufacturers have stated that ORVR for incomplete HDGVs presents some system design and
integration issues with regard to the larger fuel tanks and vehicles with two tanks but more
importantly with regard to the activities of secondary manufacturers. Close coordination and
installation instructions are needed to ensure that integrated ORVR/evaporative control systems
are installed in an effective and safe manner. EPA estimates that incomplete HDGV sales are
about (85,000) per year, but with their low fuel economy (~15 mpg) control of refueling
emissions through ORVR may become important as Stage II vapor recovery is removed in ozone
nonattainment areas.

The ORVR requirements discussed above also apply to gaseous-fueled vehicles. EPA
expects manufacturers to comply through the use of good design practices such as those
specified in published consensus standards to address issues such as refueling connections and
system integrity.

1.8  Onboard Diagnostics for Vehicles less than 14,000 Ibs GVWR

As part of the Tier 3 final rule, EPA is incorporating by reference the July 31, 2013
version of the California ARB OBD II regulations for vehicles equal to or less than 14,000 Ibs
GVWR. These requirements apply in the 2017 MY, at least two years after they must be met in
California. As permitted in EPA regulations, manufacturers generally receive an Executive Order
for OBD compliance from the CARB for each test group and EPA will accept that Executive
Order as evidence that the vehicles covered by the test group meet CARB requirements and
therefore meet the identical EPA requirements. Thus, in the case of the 2017 model year
requirements for EPA, we expect manufacturers will already comply with these requirements
before 2017 for their LEV III vehicles and have Executive Orders available.

EPA is adding two requirements related to the leak standard. The first is a requirement
that manufacturers demonstrate before production that their vehicle test groups’ OBD-based
evaporative system monitor can detect the presence of a leak with an effective leak diameter at or
above 0.020 inches, illuminate the MIL, and store the appropriate a confirmed diagnostic trouble
codes. Such activity is normally done as part of the evaporative system leak monitor
development and is demonstrated in the Production Vehicle Evaluation Testing program
prescribed in 13 CCR 1968.2(j). However, if the OBD-based evaporative system leak monitor is
to be used in IUVP, its performance needs to be certified before production begins instead of
afterwards. Since this requirement is compatible with CARBs current regulations for OBD-based
evaporative system leak-based monitoring and the Production Vehicle Evaluation Testing
program and is phasing in with the leak standard, there should be no feasibility or lead time
issues.

EPA is also implementing a requirement that OBD systems revise the software so that a
scan readable record is created which indicates if the OBD-based evaporative system leak
monitor has run within the previous 750 miles and if so what was the result. The means by
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which this record will be created and stored is being done in a manner compatible with SAE
J1979 as suggested by the commenters. Since this requirement is phasing in with the leak
standard, there should be no feasibility or lead time issues.
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Chapter 2 Vehicle Program Costs
2.1 Changes to Vehicle Costs between Proposed and Final Rules

We have made several changes to vehicle program costs since the proposal, but two
changes have significant impacts on the final rule costs and help to explain the large reduction in
cost estimates between proposal and final rule. The first of these significant changes involves
the catalyst platinum group metal (PGM) loading costs. As commenters pointed out, the cost
estimates in the proposal have become dated, as they were based largely on four-year-old
estimates of the CARB LEVIII program. For this final rule, we have developed a more robust
catalyst loading cost estimate using a methodology suggested by one commenter. This more
robust estimate results in lower costs than estimated in the proposal.

The second significant contributer to reduced final rule cost estimates is the use of the
MY 2017-2025 fleet mix projected to result from the most recent GHG and fuel economy rules.
That projected fleet mix shows a large percentage of four-cylinder engines, which are less costly
to modify to achieve Tier 3 compliance than the proposal’s projected MY 2012-2016 fleet mix,
which included many more V-configuration six-cylinder (V6) and eight-cylinder (V8) engines.
We mentioned in the preamble to the proposal our intention to use the projected MY 2017-2025
fleet for our final rule cost analysis (see 78 FR 29970).

We have made many other updates to the analysis for this final rule. For example, we
reviewed the MY2013 certification database to evaluate the certified emissions levels of the
fleet. We found that many vehicles are already being certified with emissions levels that would
meet final Tier 3 standards. Further, many vehicles have certified emission levels that are 70%
of the 0.30 g/mi NOx+NMOG standard, meaning that sufficient compliance margin exists for
those vehicle to comply with Tier 3 without any additional costs. Our final rule estimates no
exhaust emission-related Tier 3 costs for these vehicles (they still incur evaporative emission-
related costs, discussed below).

We have also concluded that active HC adsorbers, which we projected for use on some
vehicles in the proposal, are not likely to be used. Instead, as we discuss in Section 2.3.6, those
vehicles will probably use a passive HC adsorber. The passive HC adsorber is considerably less
costly. We have also decreased our evaporative emission control costs, in part because of the
high penetration of gasoline engines with direct injection projected by the MY 2017-2025 GHG
and fuel economy rules. Direct injection removes a large source of evaporative emissions and,
thus, means fewer vehicles need to add certain evaporative control technologies. We have also
decreased the penetration rates of secondary air injection in the later years of the program, for
reasons described below. Lastly, we have modified very slightly our indirect cost markups to
account for the fact that most of the research and development efforts required of auto makers
are in response to CARB’s LEVIII rule and need not be conducted again for Tier 3 compliance.

We have made some changes that have increased costs, although these are smaller than
those that have decreased costs so, on net, estimated vehicle-level costs are lower than in the
proposal. One such change was to double the engine calibration costs (from roughly $2/vehicle
to $5/vehicle), to cover expected calibration efforts associated with PM control on direct injected
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gasoline engines. We discuss this in more detail in Section 2.3.5, below. We have also
increased the penetration rates of the technology we term “optimized thermal management” for
some vehicle categories. We discuss our rationale for this change in Section 2.5, below. Another
change was to update all costs from 2010 dollars to 2011 dollars.*

With respect to total program costs, the significant change since proposal was to exclude
costs incurred on vehicles sold in all states (California and elsewhere) that have adopted the
California LEVIII program. As a result, our estimated costs per vehicle are applied to millions
fewer vehicles in the final rule, thus making the total program costs considerably lower. And
finally, we have included operating savings (fuel savings) associated with avoiding the loss of
fuel that would have otherwise evaporated absent the new Tier 3 controls. The otherwise
evaporated fuel is ultimately used to propel the vehicle, thus providing a savings to the
consumer. We discuss operating costs in Section 2.6, below.

2.2 General Methodology

Although the increase in standard stringency is substantial for the vehicles affected by
this final rule, we do not expect that the associated vehicle costs will be high. Our analysis
shows that the federal fleet is already demonstrating actual emissions performance that is much
cleaner than the level to which it is currently being certified. In fact, many MY2013 vehicles
were certified to levels below the 30 mg combined NMOG+NOx standard, some of which were
certified below 70 percent of the 30 mg standard, an important level since it provides necessary
compliance margin. Although the vehicles that make up the federal light-duty fleet are capable
of meeting lower standards there is no impetus for vehicle manufacturers to certify their
respective fleets to anything lower than the current requirements. In addition, we anticipate that
not every technology will be required on all vehicles to meet the standards. While catalyst
loading and engine calibration changes will most likely be applied on all vehicles, only the most
difficult powertrain applications will require very expensive emissions control solutions such as
secondary air injection. We expect that manufacturers will implement emission control solutions
as a function of increasing cost and will avoid implementing very expensive designs whenever
possible.

To determine the cost for vehicles, we first determined which technologies were most
likely to be applied by vehicle manufacturers to meet the standards. These technologies are then
combined into technology packages which reflect vehicle design attributes that directly
contribute to a vehicle’s emissions performance. The attributes considered include vehicle type:
car or truck, number of cylinders, engine displacement and the type of fuel used, either gas or
diesel. We also created separate packages for light-duty and heavy-duty trucks and vans.

Once we know the individual technologies that will likely be used, our next step is to
estimate direct manufacturing costs (DMC) for those technologies. As part of this process, we

A We have updated 2010 dollars to 2011 dollars using the Gross Domestic Product (GDP) price deflator as reported
by the Bureau of Economic Analysis on May 30, 2013. The factor used, taken from Line 1 of Table 1.1.4 Price
Indexes for Gross Domestic Product was 1.035 to convert from 2009$ and 1.021 to convert from 2010$. For
example, to convert from 2010$ to 20113, we calculated the (value in 2010$)x1.021=(value in 20118).
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determine the model year for which our estimated cost is deemed valid—i.e., if a widget is
estimated to cost $100, is that valid today when none have been sold or after a few years when
thousands or millions have been sold? This “cost basis” serves as the point in time where
learning effects—discussed below—are set to neutral. In other words, beyond that cost basis,
learning effects serve to decrease the DMC of the technology and, in contrast, prior to that cost
basis, the lack of any learning effects serves to increase the DMC of the technology.

The next step is to apply an indirect cost multiplier (ICM) to estimate the indirect cost of
the technology to the auto maker. This is the same process used in the recent MY 2012-2016
and MY 2017-2025 GHG rules, and the proposal for this rule. The cost calculation approach
presumes that the Tier 3 technologies will be purchased by original equipment manufacturers
(OEMs) from Tier 1 suppliers. So, while the DMC estimates include the indirect costs and
profits incurred by the supplier, the ICMs we apply are meant to cover the indirect costs incurred
by OEMs to incorporate the new technologies into their vehicles and to cover the profits that the
OEM must earn to remain viable. We discuss ICMs and indirect costs in more detail in Section
2.2.2.

We have also estimated costs associated with construction of new PM testing facilities.
We have included these costs separately, rather than as part of the ICMs, since the work
conducted to derive our ICMs (details below) did not include new facility construction by
OEMs. We could have included a new factor within the ICM, but believed a separate analysis of
these costs would be more transparent and allows an easier presentation of them as a line item
cost in our analysis. We present the facility costs in Section 2.7.

The next step is to determine the penetration rate of each of the technologies. As noted
above, we do not believe that each of the Tier 3 technologies will be applied to all
engines/vehicles across the board. An obvious example of this would be the evaporative
emission control technologies that will be added to gasoline vehicles but not to diesel vehicles.”
We expect many of the technologies to be used on only a portion of the Tier 3 fleet. Further, the
Tier 3 standards are not implemented 100% in MY2017 and, instead, increase in stringency from
MY2017 through MY2025. Additionally, and new for this final rule, we know that many
vehicles are already being certified with emissions below the Tier 3 30 mg NMOG+NOx level,
even if we give due consideration to compliance margin. Penetration rates and the resultant
technology costs (i.e., inclusive of the penetration rates) are presented below in Section 2.5
where we also sum these costs to arrive at vehicle package costs.

We have also estimated operating costs associated with the evaporative emission
standards and present them in Section 2.6.

The final step is to calculate the vehicle program costs to arrive at annual costs of the Tier
3 vehicle program. We present the vehicle program costs in Section 2.7.

® Diesel fuel has very low volatility so the fuel does not vaporize the way gasoline does.
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2.2.1 Direct Manufacturing Costs

In making our estimates for both direct manufacturing cost (DMC) and application of
technology, we have relied on our own technology assessments. These assessments include
publicly available information, such as that developed by the California Air Resources Board, as
well as confidential information supplied by individual manufacturers and suppliers.” We have
also considered the results of our own in-house testing.” The technology packages that we
developed represent what we consider to be the most likely average emissions control solution
for each vehicle type.

In general, we expect that the majority of vehicles will be able to comply with the Tier 3
standards through refinements of current emissions control components and systems. Some
vehicles, for example large trucks with large displacement engines, in particular LDT3s and
LDT4s, may require additional emission controls such as HC adsorbers. Overall, smaller lighter-
weight vehicles will require less extensive improvements than larger vehicles and trucks.
Specifically, we anticipate a combination of technology upgrades for reducing exhaust emissions
as described below.

2.2.2 Indirect Costs

We are using an approach to estimating indirect costs that is consistent with that used in
our recent 2017-2025 Greenhouse Gas (GHG) final rule.” Rather than a traditional retail price
equivalent markup (RPE), as described below we are marking up DMCs using an indirect cost
multiplier (ICM). Furthermore, we are applying the ICMs in a manner that differs from the
traditional RPE approach in which the DMC would be multiplied by the RPE factor in any given
year. As such, as the DMC decreased with learning, the product of the RPE factor and the DMC
decreased along with it. However, we have more recently decided that learning impacts
(discussed below) should be applied only to the DMC and not to the indirect costs. Our
approach with ICMs, consistent with the recent 2017-2025 GHG final rule, is to determine the
indirect costs based on the initial value of direct costs and then hold that constant until the long-
term ICM is applied. This is done for all ICM factors except warranties, which are influenced by
the learned value of direct costs.

The ICMs used in this final rule are the same as those used in the proposal with one
exception. For this final rule, we have adjusted the R&D portion of the indirect costs to account
for the fact that the research for Tier 3 compliance and a good portion of the development have
been done or are being done in response to the California LEV III rule. Because that research
and development work is attributable to the LEV III rule, we believe it is double counting to also
consider it in the final Tier 3 costs. Below, we discuss this change in greater detail along with
providing a comparison between ICMs in the proposal and this final rule.

To produce a unit of output, auto manufacturers incur direct and indirect costs. Direct
costs include the cost of materials and labor costs. Indirect costs may be related to production
(such as research and development [R&D]), corporate operations (such as salaries, pensions, and
health care costs for corporate staff), or selling (such as transportation, dealer support, and
marketing). Indirect costs are generally recovered by allocating a share of the costs to each unit
of goods sold. Although it is possible to account for direct costs allocated to each unit of goods
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sold, it is more challenging to account for indirect costs allocated to a unit of goods sold. To
make a cost analysis process more feasible, markup factors, which relate total indirect costs to
total direct costs, have been developed. These factors are often referred to as retail price
equivalent (RPE) multipliers.

Cost analysts and regulatory agencies including EPA have frequently used these
multipliers to estimate the resultant impact on costs associated with manufacturers’ responses to
regulatory requirements. The best approach to determining the impact of changes in direct
manufacturing costs on a manufacturer’s indirect costs would be to actually estimate the cost
impact on each indirect cost element. However, doing this within the constraints of an agency’s
time or budget is not always feasible, and the technical, financial, and accounting information to
carry out such an analysis may simply be unavailable.

RPE multipliers provide, at an aggregate level, the relative shares of revenues (Revenue =
Direct Costs + Indirect Costs + Net Income) to direct manufacturing costs. Using RPE
multipliers implicitly assumes that incremental changes in direct manufacturing costs produce
common incremental changes in all indirect cost contributors as well as net income. A concern
in using the RPE multiplier in cost analysis for new technologies added in response to regulatory
requirements is that the indirect costs of vehicle modifications are not likely to be the same for
different technologies. For example, less complex technologies could require fewer R&D efforts
or less warranty coverage than more complex technologies. In addition, some simple
technological adjustments may, for example, have no effect on the number of corporate
personnel and the indirect costs attributable to those personnel. The use of RPEs, with their
assumption that all technologies have the same proportion of indirect costs, is likely to
overestimate the costs of less complex technologies and underestimate the costs of more
complex technologies.

To address this concern, the agency has developed modified multipliers. These
multipliers are referred to as indirect cost multipliers (ICMs). In contrast to RPE multipliers,
ICMs assign unique incremental changes to each indirect cost contributor

ICM = (direct cost + adjusted indirect cost + profit)/(direct cost)

Developing the ICMs from the RPE multipliers requires developing adjustment factors
based on the complexity of the technology and the time frame under consideration. The ICMs
were developed in a peer-reviewed report from RTI International and were subsequently
discussed in a peer-reviewed journal article.” Note that the cost of capital (reflected in profit) is
included because of the assumption implicit in ICMs (and RPEs) that capital costs are
proportional to direct costs, and businesses need to be able to earn returns on their investments.
The capital costs are those associated with the incremental costs of the new technologies.

As noted above, for the analysis supporting the Tier 3 proposed rulemaking, EPA used
the ICM approach but made some changes to both the ICM factors and to the method of applying
those factors to arrive at a final cost estimate since the ICM work was originally done by RTI.
Both of these changes make the ICMs used in this analysis consistent with those used in the MY
2017-2025 GHG final rule. The first of these changes was done in response to continued
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thinking about how past ICMs have been developed and what are the most appropriate data
sources to rely upon in determining the appropriate ICMs. We have a detailed discussion of this
change in Chapter 3 of the joint TSD supporting the 2017-2025 GHG rule.® Because that
discussion is meant to present changes made in the time between the original RTI work (and the
MY 2012-2016 GHG final rule) and the MY 2017-2025 GHG final rule, the full text is not really
relevant in the context of Tier 3. The second change has been done both due to staff concerns
and public feedback suggesting that the agency was inappropriately applying learning effects to
indirect costs via the multiplicative approach to applying the ICMs. This change is detailed
below because it is critical to understanding how indirect costs are calculated in the context of
Tier 3.

Table 2-1 shows the ICMs used in the proposal. As noted, these ICMs are consistent
with those used in our recent MY 2017-2025 GHG final rule. Despite the fact that these ICMs
were developed with GHG technologies in mind, we are using them here to estimate indirect
costs associated with criteria emission control technology. We believe the ICMs are applicable
here because, as with the GHG requirements, the technologies considered in Tier 3 are or can be
provided to the auto maker by suppliers and their integration into the end vehicle involves the
same sorts of methods and demands as integrating GHG improving technologies.

Table 2-1 Indirect Cost Multipliers Used in the Proposal

Complexity Near term Long term
Low 1.24 1.19
Medium 1.39 1.29
Highl 1.56 1.35
High2 1.77 1.50

The second change noted above made to the ICMs has to do with the way in which they
are applied. In the MY 2012-2016 GHG final rule, we applied the ICMs, as done in any analysis
that relied on RPEs, as a pure multiplicative factor. This way, a direct manufacturing cost of,
say, $100 would be multiplied by an ICM of 1.24 to arrive at a marked up technology cost of
$124. However, as learning effects (discussed below) are applied to the direct manufacturing
cost, the indirect costs are also reduced accordingly. Therefore, in year two the $100 direct
manufacturing cost might reduce to $97 and the marked up cost would become $120 ($97 x
1.24). As aresult, indirect costs would be reduced from $24 to $23. Given that indirect costs
cover many things such as facility-related costs, electricity, etc., it is perhaps not appropriate to
apply the ICM to the learned direct costs, at least not for those indirect cost elements unlikely to
change with learning. EPA believes that it is appropriate to allow only warranty costs to
decrease with learning since warranty costs are tied to direct manufacturing costs (warranty
typically involves replacement of actual parts which should be less costly with learning). The
remaining elements of the indirect costs should remain constant year-over-year, at least until
some of those indirect costs, such as R&D, are no longer attributable to the rulemaking effort
that imposed them.

As a result, the ICM calculation has become more complex than originally devised by
RTI. We must first establish the year in which the direct manufacturing costs are considered
“valid.” For example, a cost estimate might be considered valid today, or perhaps not until high
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volume production is reached—which will not occur until MY2015 or later. That year is known
as the base year for the estimated cost. That cost is the cost used to determine the “non-
warranty” portion of the indirect costs. For example, the non-warranty portion of the medium
complexity ICM in the short-term is 0.343 (the warranty versus non-warranty portions of the
ICMs are shown in Table 2-2). Consider a technology with an estimated direct manufacturing
cost of $70 and valid in MY2015. For this technology, the non-warranty portion of the indirect
costs would be $24.01 ($70 x 0.343). This value would be added to the learned direct
manufacturing cost for each year through 2018, the hypothetical last year of short term indirect
costs for this technology. Beginning in 2019, when long-term indirect costs begin, the additive
factor would become $18.13 ($70 x 0.259). Additionally, the $70 cost in MY2015 would
become $67.90 in MY2016 due to learning (assuming a 3% learning-by-doing cost reduction
from MY2015 to MY2016, or $70 x (1-3%)). So, while the warranty portion of the indirect costs
would be $3.15 ($70 x 0.045) in MY2015, the warranty portion would decrease to $3.06 ($67.90
x 0.045) in 2016 as warranty costs decrease with learning. The resultant indirect costs of the
example technology would be $27.16 ($24.01+$3.15) in MY2015 and $27.07 ($24.01+$3.06) in
MY2016, and so on for subsequent years.

Table 2-2 Warranty and Non-Warranty Portions of ICMs used in the Proposal

Near term Long term
Complexity Warranty Non-warranty Warranty Non-warranty
Low 0.012 0.230 0.005 0.187
Medium 0.045 0.343 0.031 0.259
Highl 0.065 0.499 0.032 0.314
High?2 0.074 0.696 0.049 0.448

With that as background, we have made minor changes relative to the proposal to the
ICMs used in this final rule. We have made this change because we believe it is appropriate that
the Tier 3 rule not incur costs for research and development that is being incurred by OEMs to
comply with California’s LEV III. As such, we have considered half the R&D portion of the
ICM to be research and half to be development. Further, we have set the research portion to 0.0
and the development portion to 50% of the proposal level. These changes mean that our final
rule cost estimates consider all research dollars and 50% of all development dollars to have been
spent in complying with LEV III. The R&D portion of the proposal’s ICMs ranges from 3.6% to
7% of total technology costs depending on complexity level. The changes described here result
in the R&D portion ranging from 1% to 2% of total technology costs. In other words, a $100
DMC would have resulted in a $124 total cost in the proposal (at low complexity in the near
term, the ICM being 1.24). In the final rule, the $100 DMC will result in a $121 total cost (at
low complexity in the near term, the ICM being 1.21).

Table 2-3 shows the resultant warranty and non-warranty factors used in the final rule.
These values are used in the final rule instead of those shown in Table 2-2.
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Table 2-3 Warranty and Non-Warranty Portions of ICMs used in the Final Rule

Near term Long term
Complexity Warranty Non-warranty Warranty Non-warranty
Low 0.012 0.196 0.005 0.172
Medium 0.045 0.282 0.031 0.222
Highl 0.065 0.417 0.032 0.301
High?2 0.074 0.543 0.049 0.365

2.2.3 Cost Reduction through Manufacturer Learning

For this final rule, we have not changed our estimates of learning and how learning will
impact costs going forward from what was employed in the proposal. We consider there to be
one learning effect—Ilearning by doing—which results in cost reductions occurring with every
doubling of production. In the past, we have referred to volume-based and time-based learning.
Those terms were meant only to denote where on the volume learning curve a certain technology
was—‘volume-based learning” meant the steep portion of the curve where learning effects are
greatest, while “time-based learning” meant the flatter portion of the curve where learning effects
are less pronounced. Unfortunately, that terminology led some to believe that we were
implementing two completely different types of learning—one based on volume of production
and the other based on time in production. We now use new terminology—steep portion of the
curve and flat portion of curve—simply meant to make clear that there is one learning curve and
some technologies can be considered to be on the steep portion while others are well into the
flatter portion of the curve. This updated terminology was described in the recent heavy-duty
GHG final rule (see 76 FR 57320) and is entirely consistent with our approach used in the recent
MY 2017-2025 GHG final rule (see 77 FR 62711). These two portions of the volume learning
curve are shown in Figure 2-1.
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Figure 2-1 Steep and Flat Portions of the Volume Learning Curve

For some of the technologies considered in this analysis, manufacturer learning effects
would be expected to play a role in the actual end costs. The “learning curve” or “experience
curve” describes the reduction in unit production costs as a function of accumulated production
volume. In theory, the cost behavior it describes applies to cumulative production volume
measured at the level of an individual manufacturer, although it is often assumed—as both
agencies have done in past regulatory analyses—to apply at the industry-wide level, particularly
in industries like the light duty vehicle production industry that utilize many common
technologies and component supply sources. We believe there are indeed many factors that
cause costs to decrease over time. Research in the costs of manufacturing has consistently
shown that, as manufacturers gain experience in production, they are able to apply innovations to
simplify machining and assembly operations, use lower cost materials, and reduce the number or
complexity of component parts. All of these factors allow manufacturers to lower the per-unit
cost of production. We refer to this phenomenon as the manufacturing learning curve.

EPA included a detailed description of the learning effect in the MY 2012-2016 and
2017-2025 light-duty GHG rules, the more recent heavy-duty GHG rule and the proposal to this
rule.” In past rulemaking analyses, EPA has used a learning curve algorithm that applied a
learning factor of 20 percent for each doubling of production volume. EPA has simplified the
approach by using an “every two years” based learning progression rather than a pure production
volume progression (i.e., after two years of production it was assumed that production volumes
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would have doubled and, therefore, costs would be reduced by 20 percent).© We apply learning
effects on the steep portion of the learning curve for those technologies considered to be newer
technologies likely to experience rapid cost reductions through manufacturer learning, and
learning effects on the flat portion learning curve for those technologies considered to be more
mature technologies likely to experience only minor cost reductions through manufacturer
learning. As noted above, the steep portion learning algorithm results in 20 percent lower costs
after two full years of implementation (i.e., the MY2016 costs would be 20 percent lower than
the MYs 2014 and 2015 costs). Once two steep portion learning steps have occurred, flat portion
learning at 3 percent per year becomes effective for 5 years. Beyond 5 years of learning at 3
percent per year, 5 years of learning at 2 percent per year, then 5 at 1 percent per year become
effective.

For this analysis, learning effects are applied to all technologies because, while most are
already widely used, the technologies would undergo changes relative to their Tier 2 level
design, and we believe auto makers will find ways to reduce costs in the years following
introduction. The steep portion learning algorithm has not been applied to any technologies in
this analysis because we believe that the technologies considered in this analysis have already
experienced the large cost reductions due to learning in the early years of use. The learning
algorithm applied to each technology and the applicable timeframes are summarized in Table
2-4.

Table 2-4 Learning Effect Algorithms Applied to Technologies Used in this Analysis
Technology Steep learning | Flat learning | No learning
Catalyst Loading 2015-2025
Optimized Close-coupled Catalyst 2015-2025
Optimized Thermal Management 2015-2025
Secondary Air Injection 2015-2025
Engine Calibration 2015-2025
Hydrocarbon Adsorber 2015-2025
Evaporative Emissions Controls 2015-2025
Selective Catalytic Reduction Optimization 2015-2025

€ To clarify, EPA has simplified the steep portion of the volume learning curve by assuming that production
volumes of a given technology will have doubled within two years time. This has been done largely to allow for a
presentation of estimated costs during the years of implementation, without the need to conduct a feedback loop that
ensures that production volumes have indeed doubled. The assumption that volumes have doubled after two years is
based solely on the assumption that year two sales are of equal or greater number than year one sales and, therefore,
have resulted in a doubling of production. This could be done on a daily basis, a monthly basis, or, as we have done,
a yearly basis.
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23 Individual Technology Costs
2.3.1 Catalyst Platinum Group Metal (PGM) Loading

Increased application of precious metals in the catalyst is expected to be one of the
primary means of mitigating NMOG and NOx to meet the Tier 3 standards. Increasing the
catalyst PGM loading results in greater catalyst efficiency. In the proposal, we noted that vehicle
manufacturers and suppliers had supplied Confidential Business Information (CBI) that estimates
the cost of increasing the PGM loading and modifications to increase the surface area within the
catalyst. These costs ranged from $80 to $260 and were estimated as being incremental to an
existing Tier 2 Bin 5 compliant vehicle. We went on to state that we believed that the
incremental costs for PGM loading would be less than those CBI estimates we received, and we
estimated the costs to be $60, $80, and $100 for an 14, V6 and V8, respectively (all in 2009
dollars).

For this final rule, we have updated our PGM loading costs using a more robust approach
tailored after the methodology presented by ICCT in a recent SAE paper.® In that paper, ICCT
outlines a costing methodology based on PGM loads, swept volume ratio (the ratio of catalyst
volume to engine displacement), and some equations that can be used to estimate catalyst
washcoating and canning costs based on catalyst volume. This approach is actually similar to an
approach used by EPA in past cost analyses that focused heavily on aftertreatment device costs.’
We have made these changes for several reasons, but primarily because some commenters
believed our cost estimates were dated, having relied heavily on the CARB LEVIII analysis now
several years old. We agreed with this assessment and also liked the ICCT methodology since it
allows us to provide more detail behind the estimates and to be transparent with the estimate
allowing others to adjust things in ways they may believe make more sense.

In their recent SAE paper, ICCT estimates the PGM loading of Tier 2 catalysts at 0.1 g/L
Platinum (Pt), 1.6 g/L Palladium (Pd) and 0.1 g/ Rhodium (Rh). Further, they estimate that the
swept volume ratio of Tier 2 catalysts is 1.0 (i.e., the catalyst volume equals the engine
displacement). They also provide 3 equations that can be used to estimate catalyst substrate,
washcoating and canning costs. Those equations are shown in Table 2-5. ICCT also included
labor costs in a manner described as consistent with past EPA work.” ICCT notes that their
methodology considers the catalyst system as a unit and does not distinguish between close
coupled and underfloor catalysts. This was done in an effort to simplify the approach even
though close coupled and underfloor catalysts may well have different loadings.

PICCT references the source as EPA’s Nonroad Tier 4 Regulatory Impact Analysis (EPA420-R-04-007, May
2004). In that analysis, a labor rate of $30/hour (2003$) was used. Updating that to 2011$ using the GDP price
deflator mentioned earlier results in a labor rate of $36/hour for this analysis.
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Table 2-5 ICCT Equations for Estimating Catalyst Component Costs (20118$)

Component ICCT Cost equation
Catalyst substrate | $6.0xVol+$1.92
Catalyst washcoat $5.0xVol
Catalyst canning $2.4xVol

Note: Vol = catalyst volume
Source: SAE 2013-01-0534

In their comments, ICCT notes recent research by Honda and Johnson Matthey showing
PGM usage could be reduced by 25% with respect to current Tier 2 Bin 5 levels and still provide
LEVIII SULEV30 compliance (i.e., Tier 3 Bin 30). This could be done using an improved
layered catalyst and improved oxygen storage capacity (OSC) via adding zirconia along with
ceria. ICCT also notes research by Umicore showing LEV70 to SULEV30 reductions via a 32%
increase in PGM loading on one vehicle and only 16% increase on another. ICCT notes that
these two vehicles did increase catalyst volume between 40% and 200% which would serve to
increase costs. In that study, Umicore stresses the importance of a combined NMOG+NOx
standard versus separate NMOG and NOx standards noting that the combined standard is much
less demanding.'® This is discussed in more detail in Chapter 1 of this RIA, but the combined
standard provides much more flexibility to auto makers than does separate standards, thus
allowing them to control costs much more effectively. What is important here is that the
Umicore catalyst volume increases and subsequent costs were done assuming separate standards
(the California PZEV standards), not a combined standard. Also important in the Umicore study
was that the PZEV catalysts made no use of Pt for NMOG control, relying only on Pd for
NMOG control and Rh for NOx control. This is important because Pd is, generally, less costly
and exhibits less price volatility than Pt. All told, the increased costs in the Umicore study—
again, for separate, not a combined standard—were on the order of $15-$46, well below our
NPRM costs of $60 to $100 (both in 2009%). ICCT also provided their assessment that a 20%
increase in PGM loading is the most that would be required for Tier 3.

We believe that, in general, catalyst loading will increase in the front most portion of the
catalyst system but not necessarily the entire system. We believe this, in part, because of the
strong cases made by commenters and in the recent studies mentioned. We also believe this
because the Tier 3 standards are, in effect, cold start emission standards, and we believe that the
catalyst loading will be increased for the purpose of controlling cold start emissions. This can be
most effectively done by adding metals to the portion of the catalyst system that will reach
operating temperatures most quickly—i.e., that portion closest to the point where gases are
exhausted from the engine. As such, we have estimated that Pd loading will increase 50% and
Rh loading 20% but only in the front most 50% of the catalyst system. We have also estimated
that Pt will be eliminated in favor of Pd, and that total catalyst volume (swept catalyst volume,
SVR) will increase by 20%.
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Using these metrics, the equations shown in Table 2-5 and the price of PGMs," we can
calculate the increased cost of any Tier 3 catalyst relative to its Tier 2 counterpart provided we
know the Tier 2 catalyst system’s volume. For fleet average incremental costs, we need both the
Tier 2 catalyst volumes for each vehicle in the fleet and the sales of each vehicle to get a proper
sales weighted average catalyst cost. To get these, we have used the baseline file used in support
of our recent GHG/CAFE final rule for MY 2017-2025. That baseline file represented the 2008
model year fleet and has in it the engine displacement (i.e., the catalyst volume since we consider
the SVR of Tier 2 catalysts to be 1.0) and the projected sales of each vehicle model in the light-
duty fleet for MY 2012 through 2025. Using that fleet in conjunction with the projected
MY2013 sales, we were able to calculate the catalyst costs shown in Table 2-6.

Table 2-6 Catalyst Loading Direct Manufacturing Costs for Gasoline Vehicles (20118)

Standard | PC 14 G | PC V6 G | PC V8 G | LT 14 G | LT V6 G | LT V8 G
Sales weighted engine
displacement (L) 2.1 3.3 4.9 2.4 3.6 5.2
Sales weighted catalyst Tier 2 2.1 33 49 2.4 3.6 52
volume (L)
PGM cost Tier 2 $94 $150 $223 $111 $164 $239
Substrate cost Tier 2 $14 $22 $31 $17 $24 $33
Washcoat cost Tier 2 $10 $16 $24 $12 $18 $26
Canning cost Tier 2 $5 $8 $12 $6 $9 $13
Labor cost Tier 2 $9 $9 $9 $9 $9 $9
Catalyst cost per Tier 2 $132 $204 $299 $155 $224 $320
vehicle
Sales weighted catalyst Tier 3 25 3.9 5.9 2.9 43 6.3
volume (L)
PGM cost Tier 3 $125 $200 $298 $148 $220 $319
Substrate cost Tier 3 $17 $26 $37 $19 $28 $40
Washcoat cost Tier 3 $12 $20 $29 $15 $22 $31
Canning cost Tier 3 $6 $9 $14 $7 $10 $15
Labor cost Tier 3 $9 $9 $9 $9 $9 $9
Catalyst cost per Tier 3 $169 $264 $387 $199 $289 $414
vehicle
Sales weighted catalyst |y onene | 0.4 0.7 1.0 0.5 0.7 1.0
volume (L)
PGM cost Increment $32 $50 $75 $37 $55 $80
Substrate cost Increment $2 $4 $6 $3 $4 $6
Washcoat cost Increment $2 $3 $5 $2 $4 $5
Canning cost Increment $1 $2 $2 $1 $2 $3
Labor cost Increment $0 $0 $0 $0 $0 $0
Catalyst cost per
vehicle (20118) Increment $37 $59 $88 $44 $65 $94
DMC in our proposal
(20098) Increment $62 $83 $104 $62 $83 $104

In their study, Umicore estimated the LEV-III PGM costs for a 2.0L engine ranging from
$81-117. These estimates compare favorably to our estimate of $125 for an 14 passenger car.

¥ For this analysis, we have used the PGM spot price as of July 16, 2013, reported at 9:30AM in New York. Those
values were: Pt=$1,426/troy oz.; Pd=$735/troy oz.; Rh=$1,000/troy oz.
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While our final estimates are lower than those in our proposed rule, we consider these final rule
costs to be much more robust, transparent and appropriate. Several years have passed since
generating the catalyst loading costs presented in our proposal—as explained, they were
generated as part of the LEV-III rule and our early work on Tier 3. Several commenters
suggested that our proposed costs were now dated, and CARB also recommended that we revisit
our cost estimates in light of the passage of time and more recent information.''

We consider these incremental costs to be applicable in MY2015 with flat learning
applied thereafter. We also consider catalyst loading to be a low complexity technology with
near term markup factors applied through 2022 and long term thereafter. The resultant DMC,
indirect costs (IC) and total costs (TC) are shown in Table 2-7. Note that the values shown do
not include penetration rates.

Note that we have not changed the catalyst loading costs for heavy-duty vehicles relative
to the proposal, with the exception of updating them to 2011 dollars. We do not show costs for
diesel or >14,000 pound gasoline vehicles since those vehicles are not expected to incur any new
catalyst loading costs.
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Table 2-7 Catalyst Loading Costs for Gasoline Vehicles (20118)

Vehicle Cost | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025

category
PC 14 DMC $37 | $36 | $35| $34| $33| $32| $31| $31| $30| $29| $29
PC V6 DMC $59 | $57 | $56 | $54 | $52 | $51 | $50 | $49 | $48 | $47 | $46
PC V8 DMC $88 | $85| $83| $80| $78 | $76| $74| $73| $71| $70| $68
LT 4 DMC $44 | $43 | S$41| $40| $39 | $38 | $37| $36| $35| $35| $34
LT V6 DMC $65 | $63 | $61 | $59 | $58 | $56 | $55| $54 | $53 | $51 | $50
LT V8 DMC $94 | $91 | $89 | $86| $83 | S$81| $79| $78| $76| $75| $73
Class 2b | DMC $52 | $50 | $49 | $47 | $46 | 44| S$44 | $43 | $42 | $41| $40
Class 3 DMC $52 | $50 | $49 | $47 | $46 | 44| S$44 | $43 | $42 | $41| $40
PC 14 IC $8 $8 $8 $8 $8 $8 $8 $8 $7 $7 $7
PC V6 IC $12 | S12| S$12| Si12| $12| si2| $12| s$i2| S$10| $10| $10
PC V8 IC $18 | $18| S$18| S$18| S$18| S$18| SI8| SI8| S$16| S$16| $16
LT 14 IC $9 $9 $9 $9 $9 $9 $9 $9 $8 $8 $8
LT V6 IC $14 | S$14| S$13| S$I13| S$I13| SI13| $13| $13 | 11| $I11] Sl
LT V8 IC $20 | $20 | $20| S$20| S19| S19| $19| $19| 17| $17| $17
Class2b | IC $11 | S$11| S$11| S11| S$11| S$11| Si1| SI1 $9 $9 $9
Class 3 IC $11 $11 $11 $11 $11 $11 $11 $11 $9 $9 $9
PC 14 TC $45 | $44 | $43 | $41| $40| $39 | $39 | $38| $36| $36| $35
PC V6 TC $71 | $70 | $68 | $66| $65| $63 | $62 | $61 | $58| $57 | $56
PC V8 TC $106 | $104 | $101 | $99 | $96 | $94 | $92| $91| $87| $85| $84
LT I4 TC $53 | $52 | $50 | $49 | $48 | $47 | $46 | $45| $43 | $43 | $42
LT V6 TC $79 | $77 | $75| $73| S$71| $69 | $68 | $67 | $64| $63| $62
LT V8 TC $114 | $111 | $108 | $106 | $103 | $100 | $99 | $97 | $93 | $91| $90
Class2b | TC $63 | S61 | $59 | $58 | $57 | $55| $54| $53| $51| $50| $49
Class 3 TC $63 | S61 | $59 | $58 | $57 | $55| $54| $53| $51| $50| $49

PC=passenger car; LT=light truck; DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; 2015 & 2016

costs shown because the cost basis for the technology is 2015 where the learning factor=1.0; note that the costs

shown do not include penetration rates so these costs represent technology costs, not package costs for packages of
technologies expected to be applied to Tier 3 vehicles.

2.3.2 Optimized Close-coupled Catalyst

Close-coupled catalyst technologies include improvements to the catalyst system design,
structure, and packaging to reduce light-off time. As catalysts are moved closer to the engine the
temperature of the exhaust gases to which catalysts are exposed under high load operation goes
up substantially. As a result some of the materials used in the catalyst construction, as well as
the precious metals used in close-coupled applications, must be improved to survive in the higher
operating temperatures. In the proposal, we stated that cost estimates for close-coupled catalyst

designs received from vehicle manufacturers ranged from $25 to $50, however, they did not

include all of the considerations identified above. Consistent with the proposal but updated to
2011 dollars, we have estimated the cost for an 14 gasoline engine to be $21, a V6 to be $41, and

a V8 to be $62. As noted, all DMC are in 2011 dollars.

We consider these incremental costs to be applicable in MY2015 with flat learning

applied thereafter. We consider close coupled catalysts to be a low complexity technology with
near term factors applied through 2022 and long term thereafter. The resultant costs are shown
in Table 2-8. Note that the values shown do not include penetration rates.




We do not show costs for any diesel or heavy-duty vehicles since those vehicles are not
expected to incur new close coupled catalyst costs.

Table 2-8 Optimized Close Coupled Catalyst Costs for Gasoline Vehicles (20118)

Vehicle Cost | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025
category
i(Tj ij DMC | $21| s$20| s1o| s19| s8] sig| s17| s17| s$17| si16| $16
PC V6
LT Ve DMC $41 | s40 | $39| $38| $37| $36| 35| $34| $33| $33| $32
ig Xg DMC | $62| $60| $58| $57| 55| $53| $52| $51| $50| $49| $48
PC 14
LTI IC $4 $4 $4 $4 $4 $4 $4 $4 $4 $4 $4
PC V6
LT Ve IC $9 $9 $9 $9 $9 $9 $9 $9 $7 $7 $7
PC V8
LT Vs IC $13 | s13| $13| si13| $13| Si13| $13| $I13| 11| S$11| S$11
i(T: ij TC $25 | $24 | $24 | $23| $23 | $22| $22| $21 $20 | $20| $20
PC V6
LT Ve TC $50 | $49 | $48 | $46 | $45| $44 | $43 | $43| 41| $40| $39
PC V8
LT Ve TC $75 | $73| $71| $70| $68| S66| $65| $64| $61| $60| $59

PC=passenger car; LT=light truck; DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; 2015 & 2016
costs shown because the cost basis for the technology is 2015 where the learning factor=1.0; note that the costs
shown do not include penetration rates so these costs represent technology costs, not package costs for packages of
technologies expected to be applied to Tier 3 vehicles.

2.3.3 Optimized Thermal Management

Overall thermal management of the emissions control system to shorten the time it takes
for the catalyst to light-off will most likely be a primary technology for mitigating NMOG on
gasoline vehicles and NOx on diesel vehicles. This technology includes dual wall exhaust
manifolds and pipe that will help maintain exhaust gas temperatures from the exhaust port of the
engine to the close-coupled catalyst or, in the case of diesel engines, the Selective Catalyst
Reduction (SCR) system. In some cases, the packaging of the exhaust system will be modified
to reduce the wetted area of the exhaust path. This will, in turn, reduce the decrease in exhaust
gas temperatures associated with a longer exhaust path. Consistent with the proposal and based
on CBI submitted by exhaust system suppliers and vehicle manufacturers, we estimate that the
cost of implementing dual wall exhaust designs are approximately $31 (201183) for all engine
applications.

We consider these incremental costs to be applicable in MY2015 with flat learning
applied thereafter. We consider optimized thermal management to be a low complexity
technology with near term factors applied through 2022 and long term thereafter. The resultant
costs are shown in Table 2-9. Note that the values shown do not include penetration rates.

We do not show costs for >14,000 pound gasoline vehicles since those vehicles are not
expected to incur new optimized thermal management costs.
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Table 2-9 Optimized Thermal Management Costs for Gasoline and Diesel Vehicles (201185)

Vehicle

Cost 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025
category

PC

LT
Class 2b
Class 3

DMC $31 $30 $29 $28 $27 $27 $26 $26 $25 $25 $24

PC

LT
Class 2b
Class 3

IC $6 $6 $6 $6 $6 $6 $6 $6 $5 $5 $5

PC

LT
Class 2b
Class 3

TC $38 $37 $36 $35 $34 $33 $33 $32 $31 $30 $30

PC=passenger car; LT=light truck; DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; 2015 & 2016
costs shown because the cost basis for the technology is 2015 where the learning factor=1.0; note that the costs
shown do not include penetration rates so these costs represent technology costs, not package costs for packages of
technologies expected to be applied to Tier 3 vehicles.

2.3.4 Secondary Air Injection

Secondary air injection is a technology that provides a source of combustion air such that
a portion of the exhaust gases are burned in the exhaust manifold. This technology provides
increased heat in the exhaust system that provides for faster catalyst light-off. It is used only
during cold start and requires that the air/fuel mixture is rich such that a small amount of fuel is
available for combustion outside of the combustion chamber. We expect that some gasoline
V6’s and V8’s will require the application of secondary air injection to reduce NMOG
emissions. The secondary air injection system consists of an air pump (normally electrically
powered), plumbing from the pump to the exhaust manifold, an electrically controlled valve,
control circuitry in the powertrain control module, wiring and calibration. CBI estimates
received from vehicle manufacturers and suppliers ranged from $50 to $310. Consistent with the
proposal, we have estimated that the final direct manufacturing cost for secondary air is $104
(20119) for any application that may need to add it.

We consider these incremental costs to be applicable in MY2015 with flat learning
applied thereafter. We consider secondary air to be a low complexity technology with near term
factors applied through 2022 and long term thereafter. The resultant costs are shown in Table
2-10. Note that the values shown do not include penetration rates.

We do not show costs for gasoline 14, diesel or heavy-duty vehicles since none of those
vehicles are expected to incur new secondary air injection costs.




Table 2-10 Secondary Air Injection Costs for Gasoline Vehicles (201195)

Vehicle

Cost 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025
category

PC V6
PC V8
LT Vo6
LT V8

DMC $104 | $100 $97 $94 $92 $89 $87 $85 $84 $82 $80

PC V6
PC V8
LT V6
LT V8

IC $22 $22 $21 $21 $21 $21 $21 $21 $18 $18 $18

PC V6
PC V8
LT Vo6
LT V8

TC $125 | $122 | $119 | $116 | $113 | $110 | $108 | $107 | $102 | $100 $99

PC=passenger car; LT=light truck; DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; 2015 & 2016
costs shown because the cost basis for the technology is 2015 where the learning factor=1.0; note that the costs
shown do not include penetration rates so these costs represent technology costs, not package costs for packages of
technologies expected to be applied to Tier 3 vehicles.

2.3.5 Engine Calibration

Product changes considered for engine calibration include engine control and calibration
modifications to improve air and fuel mixtures, particularly at cold start and/or to control
secondary air. While typically there are no direct manufacturing costs associated with the
calibration itself, we recognize that some additional engineering efforts will be required to
implement the changes described above. As in the proposal, we have estimated the per vehicle
cost at $2 (20118). For gasoline engines, we have added a new engine calibration cost to address
GDI PM-related concerns. We have estimated these new costs for gasoline engines at an
additional $2 (201183) per engine. The result being a total engine calibration cost of $4 (201189)
per gasoline engine and $2 (20118$) per diesel engine.

We consider these incremental costs to be applicable in MY2015 with flat learning
applied thereafter. We consider engine calibration to be a low complexity technology with near
term factors applied through 2022 and long term thereafter. The resultant costs are shown in
Table 2-11. Note that the values shown do not include penetration rates.

We do not show costs for >14,000 pound gasoline vehicles since none of those vehicles
are expected to incur new engine calibration costs.




Table 2-11 Engine Calibration Costs for Gasoline and Diesel Vehicles (201189)

Vehicle

Cost 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025
category

PC, LT,
Class 2b,3 | DMC $4 $4 $4 $4 $4 $4 $3 $3 $3 $3 $3
Gasoline

PC, LT,
Class 2b,3 | DMC $2 $2 $2 $2 $2 $2 $2 $2 $2 $2 $2
Diesel

PC, LT,
Class 2b,3 | IC $1 $1 $1 $1 $1 $1 $1 $1 $1 $1 $1
Gasoline

PC, LT,
Class2b,3 | IC * $0 $0 $0 $0 $0 $0 $0 $0 $0 $0 $0
Diesel

PC, LT,
Class2b,3 | TC $5 $5 $5 $5 $5 $4 $4 $4 $4 $4 $4
Gasoline

PC, LT,
Class2b,3 | TC $3 $2 $2 $2 $2 $2 $2 $2 $2 $2 $2
Diesel

PC=passenger car; LT=light truck; DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; 2015 & 2016
costs shown because the cost basis for the technology is 2015 where the learning factor=1.0; note that the costs
shown do not include penetration rates so these costs represent technology costs, not package costs for packages of
technologies expected to be applied to Tier 3 vehicles.

*Actual values are less than 50 cents and appear here as $0 due to rounding for simplicity of presentation.

2.3.6 Hydrocarbon Adsorber

Hydrocarbon adsorbers trap hydrocarbons during cold start and release the hydrocarbons
after the catalyst lights off. Hydrocarbon adsorbers can be applied in two different manners:
The first is a passive device which traps hydrocarbons at cold start and releases them as the
temperature of the device increases. The catalyst may or may not have lit off at the time of
desorption making a rapid catalyst temperature rise and light off critical. The second is an active
hydrocarbon adsorber. This device controls the adsorber exposure to exhaust gases based on
temperature and is able to trap the hydrocarbons until the catalyst has lit off. The effectiveness
of the active hydrocarbon system is much greater than the passive system. However, the active
system is also much more costly. In the proposal, we anticipated that manufacturers would apply
only active systems due to a perception that passive systems were limited in their ability to
mitigate NMOG. We estimated the cost of active hydrocarbon adsorber systems at $150
(2009%). For the final rule, we have changed our expectations and now expect that any HC
adsorber use will be passive rather than active. We base this on comments from MECA and
ICCT and on CBI provided by Tier 1 suppliers after the proposal.'> We have estimated the DMC
of a passive HC adsorber at $16 (201183, or $15 in 2009%), and we expect their use on only a
portion of the largest gasoline engines.

We consider these incremental costs to be applicable in MY2015 with flat learning
applied thereafter. We consider passive HC adsorbers to be a medium complexity technology
with near term factors applied through 2022 and long term thereafter. The resultant costs are
shown in Table 2-12. Note that the values shown do not include penetration rates.
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We do not show costs for 14 or V6 gasoline or for diesel vehicles since none of those
vehicles are expected to incur new HC adsorber costs.

Table 2-12 Passive HC Adsorber Costs for Gasoline Vehicles (20118)

Vehicle

Cost 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025
category

PC VS,
LT V8, DMC $16 $15 $15 $14 $14 $13 $13 $13 $13 $12 $12
Class 2b, 3

PC V8,
LT V8, IC $5 $5 $5 $5 $5 $5 $5 $5 $4 $4 $4
Class 2b, 3

PC V8,
LT V8, TC $21 $20 $20 $19 $19 $18 $18 $18 $16 $16 $16
Class 2b, 3

PC=passenger car; LT=light truck; DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; 2015 & 2016
costs shown because the cost basis for the technology is 2015 where the learning factor=1.0; note that the costs
shown do not include penetration rates so these costs represent technology costs, not package costs for packages of
technologies expected to be applied to Tier 3 vehicles.

2.4 Evaporative Emission, Canister Bleed, and Leak Controls
2.4.1 DMCs of Technologies Expected to See Widespread Implementation

Chapter 1 identified six different technologies EPA expected to see widespread use in
achieving the emission reductions needed to meet the Tier 3 evaporative emission standard (hot
soak plus diurnal, canister bleed, and leak). These technologies are in-use to varying degrees in
the fleet today. The technologies of interest are identified in Table 1-11 of Chapter 1. That table
is replicated here, but with different entries to address the fleet penetration and costs of the
various technologies by vehicle category. The DMCs presented below are EPA estimates based
on discussions with manufacturers and vendors and review of the comments on the CARB LEV
[II evaporative emissions rule. See Table 2-13. All DMC are in 2011 dollars. Each of these is
discussed below.
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Table 2-13  Tier 3 Evaporative, Leak and OBD DMCs

Vehicle Class LoV LDT1 LDT2 LDT3 LDT4 MDPV LHDGV HHDGV
nonfuel (g) 01 0.1 0.125 0.15 015 0.175 02 0.25

MSAT std(3d/2d)(g) 0.5/0.65 0.65/0.85 0.65/0.85 09/1.15 09/1.15 10/1.25 14/1.75 1923
T3std (g) 03 03 04 05 05 05 06 06

Canister bleed std (g) 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.03

MSAT Baseline(g)* 047 047 042 072 072 0.72 0.96 0.96

T3 Target (g)* 02 02 03 037 037 037 045 045

Red Needed(g) 0.27 0.27 0.12 035 035 035 051 051

Red Achieved(g) 039 039 039 039 039 039 0.55 0.52

Control |Cost & Cost & Cost % Cost & Cost & Cost & Cost & Cost &
Technology DMC  Efficiency|%Application DMC  |%Application DMC  |%Application DMC  |%Application DMC %Application DMC  |%Application DMC  |%Application DMC  |%Application DMC
Canister $8.50 90% | $8.50_100% $8.50 $8.50_100% $8.50 $8.50_76% $6.46 $8.50_10% $0.85 0 0 0 0 0 0 0 0
honeycomb 35mmx
75mm
Canister §7.50forv- 90% 0 0 0 0 $§7.5_24% $1.82 $§7.5.90% $6.75 $7.5_100% $7.50 $7.5_100% $7.50 $7.5_100% §7.50 $7.5_100% $§7.50
honeycomb 85 35mmx
50mm

AIS scrubber $6 90% $6_40% $2.40 $6_27% S1.62 $6_27% $1.62 $6_27% $1.62 96_27% $1.62 $6_27% S1.62 0 0 $6_100% $6
PFlto GDI $0 90% 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fuel system

architecture

(a) reduce 82 90% $2_100% Q2 $2_100% 2 $2_100% 82 $2_100% $2 $2_100% 82 $2_100% Y] $2_100% 2 $2_100% 82
connections &

improve seals/ o-

rings as needed

(b) move parts $0.50 100% | 055050 $0.25 0.5_50.50 $0.25 0.5_%0.50 90.25 0.5_%0.50 $0.25 0.5.%0.50 $0.25 05_50.50 $0.25 0.5_50.50 $0.25 0 0
into tank

OBD software 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
upgrades

Tota DMC $13.15 $12.37 $12.15 $11.47 $11.37 $11.37 $9.75 $15.50
fuel savings gal /veh-yr* 0.051 0.051 0.051 0.051 0.051 0.051 0.059 0.053

" based on mean plus one standard deviation for 2013 MY 2-day cert results on Tier 2 fuel

2100 mg or 25% below T3 std whichever is greater

(365 day per year)(1gal per 5.6 Ibs)(1 Ib per 454g)(mg reduction/day) 1 g/1000 mg)(0.9 energy density effect); needs to be further multiplied by(15yr) (avg surv fraction for fleet)(gas price)
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Canister honeycomb: Current evaporative canisters use high working-capacity activated
carbon, usually with multiple compartments, to optimize vapor loading and purging behavior.
These canisters sometimes employ carbons of different working capacities within each chamber.
Manufacturers may adjust the shapes and sizes of internal compartments, including design
variations to include different grades of carbon in different areas to best manage rapid purge
following engine starting, back purge during overnight parking, vapor loading at different
loading rates, and vapor redistribution and migration while the vehicle is not operating. The
biggest expected change to evaporative emission canisters is the addition of a secondary canister
element, either attached to the canister body, or integral to it, in which a carbon with very low
working capacity is available to capture diffusion emissions (also known as bleed emissions).
This is commonly referred to as a canister scrubber. While this carbon element can hold only a
few grams of hydrocarbon, it back purges easily and purges readily with a short amount of
driving, so it is always ready to capture the small amount of hydrocarbon that escapes the body
of the evaporative canister as a result of diffusion from vapor migration within the carbon bed.
For purposes of this analysis, we expect that all vehicles covered by the rule use a canister
scrubber. Slightly larger scrubbers are expected on vehicles with V-4 and V-6 engines, since
they are expected to have less available purge for the primary canister than will V-8 engines. The
scrubbers will vary in size, but a typical unit DMC is $7.50-8.50. We expect that in most cases
these will be built as an integral part of the current canister to avoid extra packaging costs. In
some cases, dual tank HDGVs may employ two evaporative emission canisters.

Engine/fuel system conversion: To the extent that manufacturers use direct injection,
there should be very little fuel vapor coming from the intake system. Any unburned fuel coming
from the injectors would be preserved in the cylinder or released to the exhaust system and the
catalyst. A small amount of crankcase vapor might remain, but this would likely not be enough
to justify adding carbon to the intake system. As projected in our final rule RIA for the 2017-
2025 GHG emissions, EPA projects a significant movement from port fuel injection (PFI)
engines to gasoline direct injection (GDI) engines. This ranges from 60-100 percent of products
for all categories except gasoline-powered trucks over 14,000 1bs GVWR. This reduces air
induction systems emissions by 90 percent since the GDI uses a different fuel injection timing
strategy than the PFI This would not involve any additional cost for control of Tier 3
evaporative emissions.

Air intake scrubbers: Manufacturers have identified the engine’s intake system as
another source of evaporative emissions. These result from crankcase vapors and from unburned
fuel from injectors, or sometimes from an injection event that occurred shortly before engine
shutdown. One way to prevent these emissions is to add a device containing activated carbon to
the air intake downstream of the air filter, typically in the form of reticulated foam coated with
activated carbon. This device would have only a few grams of working capacity and would be
designed to purge easily to ensure that the vapor storage is available any time the engine shuts
down. This carbon insert would almost completely eliminate vapor emissions from the air intake
system. This analysis projects that vehicles/engines not converting to GDI will use the air intake
scrubber to address this source of emissions. The percentages by vehicle category are shown in
Table 2-13 above. The intake scrubber DMC is approximately $6.00 per vehicle.
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Fuel-system architecture: As discussed below, there may be the opportunity to reduce
permeation emissions from some fuel lines. However, the bigger area of expected development
with respect to fuel lines is to re-engineer whole systems to reduce the number of connections
between fuel-system components and other fuel-line segments. While manufacturers have
already made some changes in this direction, these systems may still involve more than the
optimum number of connections and segments due to assembly and production considerations or
other factors. Designing the fuel system more carefully to minimize connection points will limit
possible paths for fuel vapors to escape. This would reduce emission rates and it should also
improve system durability by eliminating potential failure points. A broader approach to
addressing this source of emissions is to integrate designs and to move fuel-system components
inside the fuel tank, which eliminates the concern for vapor emissions and permeation from those
components and connections. Most of the costs associated with these upgrades lie in
development and tooling. There may be some additional part costs, but the overall trend should
ultimately allow for reduced costs from reducing the number of components and reducing
assembly time. To the extent that fuel-system components are moved inside the fuel tank, there
may be further cost savings since those components would no longer need to be made from low-
permeation materials. DMC for these actions is about $2.50

Onboard Diagnostics (OBD): EPA and CARB have similar but not identical OBD
requirements for LDVs, LDTs, MDPVs, and HDGVs up to 14,000 Ibs GVWR. Within the past
five years CARB has revised their implementation scheme and upgraded requirements to
improve the effectiveness of their systems in addressing potential exhaust and evaporative
system performance issues in use. EPA regulations permit manufacturers to meet CARB’s most
recent requirements and to seek a Federal certificate based on meeting CARB’s requirements.
Certification based on meeting CARB’s requirements and application of those OBD systems
nationwide is common practice in the industry with only a few exceptions. EPA is adopting
current CARB OBD certification, verification, and monitoring requirements. As part of our rule,
we are including two new elements; (1) certification that the OBD evaporative system leak
monitor is able to find a 0.020 inch leak and (2) a requirement that the OBD computer store
information on when the full OBD leak monitoring protocol was last run successfully and the
result of that assessment. Since current CARB OBD requirements are being met by
manufacturers, additional costs are attributable to certification to the 0.020 inch leak detection
requirement and software modification to retain information on the last successful run of the
OBD evaporative system leak monitor. EPA estimates these two items to cost on average
approximately $0.10 (201183) per vehicle. These are reflected in indirect costs discussed below.

Leak standard testing: As part of the Tier 3 evaporative emission requirements EPA is
proposing a vapor leak emission standard. EPA expects that many of the technologies and
approaches for reducing evaporative emissions described above will assist in addressing
potential vapor leak problems and that in most cases no specific additional measures would be
needed. Nevertheless, there might be two additional cost areas. First would be certification
testing. However, EPA is allowing certification requirements for the vapor leak emission
standard to be met by written attestation rather than by testing since the certification vehicle
would fail the hot soak plus diurnal evaporative emissions standard if it had a 0.02 inch leak.
Manufacturers agree this is appropriate. Second, EPA is proposing to include assessment of the
vapor leak emission standard within the in-use verification testing program (IUVP). However,
we have structured the program to minimize additional costs. Testing will be required on all
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vehicles otherwise procured for exhaust emissions. All vehicles tested for exhaust emissions
must also be tested for the leak emission standard. Thus, we generally expect multiple leak test
results per group but in no case may there be no fewer than one test group representatives for
each evaporative/refueling/leak family. Unless there are performance problems, no additional
vehicle procurement costs are expected. Also, we are proposing to permit the manufacturer to
use its current evaporative system leak monitoring OBD hardware to screen vehicles from I[UVP
testing for leaks and/or to use as an option to the proposed EPA test procedure if testing is
needed. The additional costs for leak emission testing for IUVP (approximately $0.10 (20119%)
per vehicle) are included in the indirect costs discussed below.

Taken together, these technologies applied to the fleet to the degree described in the
paragraphs above result in an estimated DMC of $10-15 per vehicle in 2011 dollars.

2.4.2 DMCs of technologies which may be optimized if necessary to achieve further reductions

Chapter 1 of the RIA also identified four technology approaches which are in widespread
use today but with some refinement and optimization could provide additional reductions. These
are discussed below, but not included in the overall cost analysis. These technologies are likely
to see limited application because in comparison to the technologies in Table 1-11 of Chapter 1
the emission reductions available (see Table 1-12 of Chapter 1) are small relative to the costs. If
implemented, as can be seen in Table 2-13, the five approaches discussed above would provide
more than enough reductions to meet the emission targets for the hot soak plus diurnal and
canister bleed standards at certification even accounting for the non-fuel hydrocarbon effects.
Thus, we are not projecting penetration rates for these technologies.

Upgrade canister and improve purge: Recent and projected engine design changes are
increasing the challenge to maintain manifold vacuum for drawing purge air through the
evaporative canister. Several different technology options would help to address this increasing
challenge. Different grades of carbon and canister configurations can lead to a more effective
canister purge for a given volume of air flowing over the canister. If employed, such strategies
would cost $2-4 per vehicle.

Improve fuel tank barrier layer thickness and reduce pinch seam gaps: Fuel tanks are
already designed to limit permeation emissions. Fuel tanks are typically made of high-density
polyethylene with an embedded barrier layer of ethyl vinyl alcohol (EvOH) representing about
1.8 percent of the average wall thickness. The EvOH layer is effective for reducing permeation
emissions. Recent developments in production processes have led to improved barrier coverage
around the ends of the tank where the molded plastic is pinch-welded to form a closed vessel,
which is an important step in eliminating a permeation path through the wall of the fuel tank.
Manufacturers could increase the EvOH barrier thickness to about 3 percent of the average wall
thickness to provide a more uniform barrier layer, to provide better protection with ethanol-based
fuels, and to improve permeation resistance generally. The incremental material cost for this
thicker layer of EVOH comes to about $3.50.

Filler neck connection and materials upgrade: Another area of potential evaporative

emissions is the connection between the fill neck and the fuel tank. The challenge is to design a
low-cost solution that is easily assembled and works for the demanding performance needs
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related to stiffness and flexibility. The best approach is likely either to use mating parts made
from low-permeation materials, or to use conventional materials but cover this joint with
material that acts as a barrier layer. Final designs to address this might vary widely. Technology
to improve the permeation resistance of the fuel filler tube and the security of the connection to
the fuel tank would cost $4-6 per vehicle.

Fuel line permeation: Fuel lines in use today also are designed for low permeation rates.
The biggest portion of fuel and vapor lines are made of metal, but that may still leave several feet
of nonmetal fuel line on a vehicle. There may be development of new materials to further reduce
permeation rates, but it is more likely that manufacturers will adjust the mix of existing types of
plastic fuel lines, and perhaps use more metal fuel lines, to achieve the desired performance at
the lowest possible price. This would likely vary significantly among vehicle models. As an
industry average figure, we estimate upgrades involving $1.60 of additional cost for materials
with greater permeation resistance.

2.43 ORVR for Complete HDGV's

Onboard Refueling Vapor Recovery (ORVR): Current EPA standards require vehicle-
based control of refueling emissions for all complete LDV's and LDTs up to 10,000 Ibs GVWR.
We are extending EPA’s refueling emission standard to complete heavy-duty gasoline vehicles
(HDGVs) up to 14,000 Ibs GVWR starting with the 2018 model year. Today these HDGVs are
produced by three OEMs. Their chassis and fuel system configurations are very similar to their
slightly lighter GVWR LDT counterparts, which are now covered by the refueling emission
standard. Because annual sales of these 10,001-14,000 Ib GVWR HDGVs is small relative to
their similar lighter GVWR LDT counterparts, for uniformity of production and other cost
savings reasons, manufacturers have installed ORVR on these vehicles since about 2006.
However, they have not been certified since there were no emission control requirements to
certify them against. We are including refueling emission control requirements for these vehicles
but expect no additional costs beyond current practice. Beyond, this the refueling emision
standards apply to all complete HDGVs regardless of their GVWR by the 2022MY. There are no
complete HDGVs above 14,000 Ibs GVWR today, but there have been in the past and if a future
product emerges, this will be a requirement for the 2022 model year.

Table 2-14 presents the evaporative system costs discussed above along with how those
have been weighted to arrive at evaporative system costs for the vehicle categories used
throughout this cost analysis.
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Table 2-14 Evaporative Emission Control System DMC for Gasoline Vehicles (201195)

We consider these incremental costs to be applicable in MY2015 with flat learning

Vehicle Sales Tier 3 . Tier 3 .

Type DMC fraction Cqst analysis Cost analysis
Vehicle category DMC

LDV $13.15 | 100% Passenger car $13.15

LDT1 $12.37 | 17%

LDT2 $12.15 | 57%

LDT3 $11.47 | 17% Light truck $12.00

LDT4 $11.37 8%

MDPV | $11.27 1%

LHDGV | $9.75 | 100% Class 2b & 3 $9.75

HHDGYV | $15.50 | 100% | >14,000 pound GVWR $15.50

applied thereafter. We consider evaporative emission controls to be a low complexity
technology with near term factors applied through 2022 and long term thereafter. The resultant

costs are shown in Table 2-15. Note that the values shown do not include phase-in rates. We do
not show costs for diesel vehicles since none of those vehicles are expected to incur new
evaporative emission control costs.

Table 2-15 Evaporative Emission Control System Costs for Gasoline Vehicles (20118)

Vehicle Cost | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025

category
PC DMC $13 | $13| S$12| S$12| S$11| S$11| St1| Si1| $10| S$10| $10
LT DMC $12 | S$11| S$11| S11| S10| S10| $10| $10| $I10 $9 $9
Class 2b, 3 | DMC $10 $9 $9 $9 $8 $8 $8 $8 $8 $8 $7
>14K HD | DMC $15 | S$15| S$14| S14| S13| S13| S$13| $13| SI12| S$I12| 812
PC IC $3 $3 $3 $3 $3 $3 $3 $3 $2 $2 $2
LT IC $2 $2 $2 $2 $2 $2 $2 $2 $2 $2 $2
Class 2b, 3 | IC $2 $2 $2 $2 $2 $2 $2 $2 $2 $2 $2
>I14KHD | IC $3 $3 $3 $3 $3 $3 $3 $3 $3 $3 $3
PC TC $16 | S$15| S$15| S14| S14| S14| $14| $13| SI13| S$I13| 812
LT TC $14 | S$14| S$14| S$13| S$13| S13| S$12| $12| 12| S$11] SI1
Class 2b,3 | TC $12 | S$11| S$11| S11| S10| S10| $10| $10 $9 $9 $9
>I14KHD | TC $18 | S$18| S$17| S$17| S$17| S$16| S16| S$16| $I15| $15| SIS

PC=passenger car; LT=light truck; DMC=direct manufacturing cost; IC=indirect cost; TC=total cost; 2015 & 2016

costs shown because the cost basis for the technology is 2015 where the learning factor=1.0; note that the costs

shown do not include penetration rates so these costs represent technology costs, not package costs for packages of
technologies expected to be applied to Tier 3 vehicles.

2.5

Vehicle Package Costs

The total costs (TC) of a given technology are the direct manufacturing costs (DMC) plus
the indirect costs (IC). These costs change over time due to learning effects and different levels
of indirect costs as discussed above. Here we present our estimated application or penetration
rates for each technology and the subsequent average technology cost estimates by year for each
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technology inclusive of those penetration rates. We then present our approach to developing
package costs—a package being a group of individual technologies added to a given vehicle.

As stated above, we have developed our costs with respect to a given vehicle type and the
type of engine with which it is equipped. Although the cost of achieving the Tier 3 standards
will increase with both the size of the vehicle and the displacement of the engine we have
concluded that the cost by engine type is consistent. The final cost per vehicle is the result of not
only the cost per technology but also the application rate of that technology for each vehicle
type. For example, while the cost of secondary air injection is the same, $119 (20118%) in
MY2017, for both a V6 and V8 application, we anticipate that a lower percentage of V6
applications will require the technology compared to V8 applications. This technology
penetration rate, or application rate, is the first step in developing our vehicle package costs.

Table 2-16 presents our estimates of application rates of each enabling technology by
engine type to meet the Tier 3 standards. These rates are identical, with two exceptions, to the
rates used in the proposal. The changes from the proposal are to the secondary air and the
optimized thermal management technologies. For secondary air, we have used the same starting
rate as used in the proposal, but are now ramping that rate downward in the later years of
implementation. The secondary air application rates are shown in Table 2-17. We are using
these application rates because we believe, based on comments from ICCT and post-proposal
Tier 1 suppliers, that secondary air will follow a similar implementation schedule to past uses of
that technology. In the past, secondary air has been added in the early years of implementation
because it is a very effective and relatively easy to employ technology. As experience is gained,
secondary air is often removed because it is a relatively expensive technology.

Table 2-16 Technology Application Rates for MY2017 and later Passenger Cars
and MY2018 and later Light Trucks and HD Vehicles

Gasoline Diesel
Technology 14 V6 V8 Clas3s 2b, >1}1‘[1)K All

Catalyst Loading 100% | 100% | 100% | 100% 0% | 0%
852?;;“ Close-coupled 50% | 60% | 75% 0% 0% | 0%
Hydrocarbon Adsorber 0% 0% | 15% 0% 0% 0%
gi‘lﬁ’r";ﬁﬁ"e Emissions 100% | 100% | 100% | 100% |  100% | 0%
Engine Calibration 100% | 100% | 100% | 100% 0% | 100%
%ﬁgﬁfﬁfﬂ?eﬁn&l 50% | 40% | 25% 25% 0% | 25%
SCR Optimization 0% | 0% | 0% 0% 0% | 100%

Note: 0% entries reflect the fact that the technology is not considered to be an enabler for compliance with

the standards.
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Table 2-17 Technology Application Rates for Secondary Air Injection on Gasoline Vehicles

Vehicle 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025
category

PC V6 25% | 25% | 25% | 15% | 15% | 5% | 5% | 5% | 5%
PC V8 75% | 75% | 75% | 65% | 65% | 55% | 55% | 45% | 45%
LT V6 0% | 25% | 25% | 15% | 15% | 5% | 5% | 5% | 5%
LT V8 0% | 75% | 75% | 65% | 65% | 55% | 55% | 45% | 45%
PC=passenger car; LT=light truck

MDPVs were included in the light-duty fleet as part of Tier 2. Given their current
certification requirements for criteria pollutants, we have included the costs for MDPVs to meet
the Tier 3 standards with the LT V8 cost estimates. We do not expect that the technologies
required to meet the Tier 3 standards for MDPVs will be very different from those applied to LT
V8s as in many cases there are identical powertrains and chassis between the LT and MDPV
platforms.

The next step in developing vehicle package costs is to consider the phase-in rate of the
standards. For example, the Tier 3 standards do not reach maximum stringency until the 2025
MY, ramping down from a presumed Tier 2 Bin 5 level in MY2016 to the final levels in
MY2025. Manufacturers will be required to start the phase-in of Tier 3 standards on passenger
cars in MY2017 and light trucks in MY2018. Based on the declining fleet averages for cars and
trucks, we have apportioned our estimates for full compliance across of the phase-in years as a
percentage of the final standard. Manufacturers will be required to move from a Tier 2 Bin 5
fleet average in MY2016 (for vehicles <6,000 Ibs GVW) to the Tier 3 standards. This results in
a significant step in stringency in MY2017. It is also important to note that manufacturers will
have the opportunity in MYs 2015 and 2016 to earn Tier 3 credits by producing a fleet that is
cleaner than the current Tier 2 requirements. While we expect that most manufacturers will earn
credits, either by selling California vehicles as 50 state vehicles or by certifying existing vehicles
to lower Tier 2 bins, we have not reflected these credits in our cost analysis.

The ramp down in standards can also be expressed as an increasing percentage of the
fleet meeting the Tier 3 standards, moving from 0 percent compliance in MY2016 to 100 percent
compliance in MY2025 (see Section IV of the preamble, which presents the standards and how
they change by MY). This changing percentage of vehicles complying is treated as being equal
in this analysis to the percentage of costs being incurred. Table 2-18 shows the percentage of
vehicles complying with the new standards. Note that Table 2-18 is identical in content to the
ramp down in standards used in the proposal.
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Table 2-18 Percentage of Vehicles Phasing-in Compliance with the Tier 3 Standards

Vehicle | ¢ dards | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025
Category

PC Exhaust | 57% | 62% | 68% | 73% | 78% | 84% | 89% | 95% | 100%
LT Exhaust | 0% | 52% | 59% | 66% | 73% | 80% | 87% | 94% | 100%
Class 2b | Exhaust | 0% | 54% | 65% | 77% | 88% | 100% | 100% | 100% | 100%
Class 3 | Exhaust | 0% | 47% | 60% | 73% | 87% | 100% | 100% | 100% | 100%
PC Evap 40% | 60% | 60% | 80% | 80% | 100% | 100% | 100% | 100%
LT Evap 0% | 60% | 60% | 80% | 80% | 100% | 100% | 100% | 100%
HD Evap 0% | 60% | 60% | 80% | 80% | 100% | 100% | 100% | 100%

PC=passenger car; LT=light truck; HD=Class 2b and 3 vehicles, and >14,000 pound gasoline vehicles.

The third step, and new for the final rule, is to consider the compliance rate in the
reference case fleet—i.e., if some vehicles already comply with the Tier 3 standards, we do not
need to add technology and costs to those vehicles. To estimate the reference case compliance
rate, we looked at MY2013 compliance (the most recent full set of compliance data). Filtering
these data to include only those certifications for federal Tier 2 compliance, and combining their
certified NMOG and NOx emissions—Tier 2 vehicles are certified to separate NMOG and NOx
standards, but we combined them as though they were combined standards as are the Tier 3
standards—we were able to determine that 14% of MY2013 passenger car and light truck
certifications had combined NMOG+NOx emissions below the 30 mg level (i.e., the Tier 3 Bin
30 level). That percentage included 33% of passenger car I4 gasoline vehicles and 10% of
passenger car V6 gasoline vehicles. These results are shown in Table 2-19.

Table 2-19 Percentage of MY2013 Certifications with Certified NMOG+NOx Emissions at
the Indicated Tier 3 Levels

Vehicle | gl | Bin20 | Bin30 | Bin50 | Bin70 | Bin125 | Binl60 | >Binl60 | 0,010
Category Bin30

PC 14 gasoline | 25% 7% | 22% | 37% 8% 0% 0% 33%
PC V6 | gasoline 5% 4% | 22% | 46% 22% 0% 0% 10%
PC V8 gasoline 2% 2% | 26% | 41% 26% 3% 0% 3%
PC 14 Diesel 0% 0% 0% | 100% 0% 0% 0% 0%
PC V6 | Diesel 0% 0% | 100% 0% 0% 0% 0% 0%
PC V8 | Diesel 0% 0% 0% 0% 0% 0% 0% 0%
LT 14 gasoline 4% 4% | 18% | 36% 39% 0% 0% 7%
LT V6 gasoline 3% 4% | 38% | 31% 24% 0% 0% 7%
LT V8 gasoline 0% 1% | 23% | 34% 16% 18% 7% 1%
LT 14 Diesel 0% 0% 0% | 100% 0% 0% 0% 0%
LT V6 | Diesel 0% 0% | 33% | 67% 0% 0% 0% 0%
LT V8 Diesel 0% 0% 0% 0% 0% 0% 0% 0%
Total 10% 4% | 25% | 38% 17% 4% 2% 14%

Importantly, the percentages shown in Table 2-19 represent certified engine families, not
vehicle sales, and they represent certified emission levels absent any compliance margin. We
have chosen to address these two issues in the following ways. As regards the absence of
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compliance margin—the amount below the standard to which vehicles are typically designed and
certified as insurance against failing the standards in-use—we went the next step and considered
only those certifications that met 70% of the Tier 3 Bin 30 combined NMOG+NOx levels.

Doing this resulted in a total of 11% of the certifications with emissions below 70% of the Bin
30 levels." This change also resulted in a reduction to 28% of passenger car I4 families and 6%
of passenger car V6 families at 70% of the Bin 30 levels.

As for reconciling certified families with actual sales, we had no way of matching these
certifications to actual sales since the full MY2013 sales were not yet available. We could
simply assume that the percentage of engine families equates to the percentage of sales but, in an
effort to be conservative in our cost estimates, we have chosen instead to assume only a 50%
relationship. In other words, to be conservative, we have chosen to estimate that sales are
represented by only half of the certified engine families. So, the 28% of passenger car 14
families with certified emissions below 70% of the Bin 30 level is taken to represent 14% of
actual passenger car 14 sales. The resultant reference case sales percentages estimated to already
comply with the Tier 3 Bin 30 average are shown in Table 2-20. Note that we have assumed that
no HD vehicles are already at compliant emission levels in the reference case.

Table 2-20 Reference Case Engine Families and Estimated Sales at or below 70% of the
Bin 30 Standard

% of certified | % of certified )
) - - Estimated %
Vehicle families families
Fuel of sales below
Category below below 70% of Bin30
Bin30 70% of Bin30 ’
PC 14 gasoline 33% 28% 14%
PC V6 gasoline 10% 6% 3%
PC V8 gasoline 3% 2% 1%
PC 14 diesel 0% 0% 0%
PC V6 diesel 0% 0% 0%
PC V8 diesel 0% 0% 0%
LTI4 gasoline 7% 4% 2%
LT V6 gasoline 7% 3% 1%
LT V8 gasoline 1% 0% 0%
LTIH4 diesel 0% 0% 0%
LT V6 diesel 0% 0% 0%
LT V8 diesel 0% 0% 0%
Total 14% 11% 5%

With each of these percentages—the technology application rate percentage; the phase-in
rate of the standard; and the reference case sales percentage meeting Bin 30—we can then

P A compliance margin of just 70% of the actual standard could be considered too high by traditional measures
where each criteria pollutant has a unique standard level. However, the combined nature of the Tier 3 NMOG+NOx
standard makes traditional compliance margin goals too large and, some have argued, that even 70% in the context
of Tier 3 may be too large. We prefer to be conservative and use 70% of the standard.
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determine the contribution of each individual technology to the resultant package cost for each
vehicle category. This is done by multiplying the total cost of each individual technology in a
given year by it technology application rate for that year, then multiplying this product by the
phase-in rate less reference case sales percentage. An example calculation is shown in Table
2-21 for optimized close coupled catalyst costs on 14 gasoline passenger cars.

Table 2-21 Example Calculation: Contribution of Optimized Close Coupled Catalyst to the
Package Cost for 14 Gasoline Passenger Car (dollar values in 20118)

Item Value Source

Optimized close coupled catalyst Total Cost (TC)

for MY2017 $24 Table 2-8
Application rate to meet Tier 3 50% Table 2-16
Standard phase-in percentage for MY2017 57% Table 2-18
Reference case sales in compliance 14% Table 2-20

o $5
Contribution to package cost — ($24)(50%)(57%- 14%) Table 2-22

Table 2-22 through Table 2-30 use this calculation approach to present the contribution
of each technology cost to the resultant package cost. Table 2-31 and Table 2-32 present the
final package costs for gasoline and diesel vehicles, respectively, which simply sum the
appropriate costs shown in Table 2-22 through Table 2-30.
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Table 2-22 Contribution of Individual Technologies to Vehicle Package Costs — Gasoline
Passenger Cars (2011$)

Technology Engine | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025
Catalyst Loading 14 $18 $20 $22 $23 $25 $27 $27 $29 $30
Optimized Close-coupled 14 ss| s6| se6| $7| s7| s7| s8] s8| 8
Catalyst
Secondary Air Injection 14 $0 $0 $0 $0 $0 $0 $0 $0 $0
Hydrocarbon Adsorber 14 $0 $0 $0 $0 $0 $0 $0 $0 $0
Evaporative Emissions 14 $4| $7| s6| $9| $9| S11| S11| $11| $11
Controls
Engine Calibration 14 $2 $2 $2 $3 $3 $3 $3 $3 $3
Optimized Thermal 14 ss| $8| s9| s10| swo| si| si| si2| s13
Management
Catalyst Loading Vo6 $37 | $39| $42 | $44| $47| $49| 850 | 852 | 855
Optimized Close-coupled V6 | $I5| si16| s18| $19| $20| $21| s21| s$22| $23
Catalyst
Secondary Air Injection V6 $16 | $17| $18| S$12| $I12 $4 $4 $5 $5
Hydrocarbon Adsorber V6 $0 $0 $0 $0 $0 $0 $0 $0 $0
Evaporative Emissions V6 $5| 8| s8| si1| st0| s13| s12| s12| si2
Controls
Engine Calibration V6 $3 $3 $3 $3 $3 $3 $4 $4 $4
Optimized Thermal V6 s8| $8| $o| $9| sio| sio| si1| si1| si1
Management
Catalyst Loading (% $57 | %6l $64 | $68 | $72| $75| $77| $80| 883
Optimized Close-coupled V8 | $30| $32| 34| $36| $38| $40| $41| $42| 344
Catalyst
Secondary Air Injection (% $50 | $53 | $57 | 852 | $55| $49| $50| $42 | %44
Hydrocarbon Adsorber (% $2 $2 $2 $2 $2 $2 $2 $2 $2
Evaporative Emissions V8 $6| $9| s8| sii| si1| s3] $13| s12| si2
Controls
Engine Calibration V8 $3 $3 $3 $3 $3 $4 $4 $4 $4
Optimized Thermal V8 $s| $s| $6| $6| s6| s7| s7| $7| 87
Management

Note: $0 entries denote zero costs due to a 0 percent application rate (see Table 2-16) and/or compliance rate (see

Table 2-18).
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Table 2-23 Contribution of Individual Technologies to Vehicle Package Costs — Gasoline

Light-duty Trucks (2011%)

Technology Engine | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025
Catalyst Loading 14 $0 | $25| $28| $30| $33 | $35| $37| $39| $41
Optimized Close-coupled 14 so| s6| s6| $7| s8| s8| so| 9| si0
Catalyst
Secondary Air Injection 14 $0 $0 $0 $0 $0 $0 $0 $0 $0
Hydrocarbon Adsorber 14 $0 $0 $0 $0 $0 $0 $0 $0 $0
Evaporative Emissions 14 so| $8| $7| sto| sito| si2| si1| S| st
Controls
Engine Calibration 14 $0 $2 $3 $3 $3 $3 $3 $4 $4
Optimized Thermal 14 S0| $o| st0| si1| s12| s13| $13| s14| s15
Management
Catalyst Loading V6 $0 | $37 | $41 $45 | $49 | 853 | $55| 858 | $61
Optimized Close-coupled V6 $0| 14| si6| 17| $19| s$20| s21| s22| $23
Catalyst
Secondary Air Injection N $0| $15| S$16| S$11 $12 $4 $4 $5 $5
Hydrocarbon Adsorber N $0 $0 $0 $0 $0 $0 $0 $0 $0
Evaporative Emissions V6 s0| s8| s8| s10| si0| s12| si1| $11| $i1
Controls
Engine Calibration N $0 $2 $3 $3 $3 $3 $3 $4 $4
Optimized Thermal V6 so| $7| ss| so| so| swo| swo| siu| si2
Management
Catalyst Loading V8 $0 $55 $61 $66 $72 $78 $81 $86 $90
Optimized Close-coupled V8 $0| $27| $30| $33| $36| $38| $40| S$42| s44
Catalyst
Secondary Air Injection V8 $0 | $45| $50| $47 | 852 | $47| $49| $42 | 344
Hydrocarbon Adsorber V8 $0 $2 $2 $2 $2 $2 $2 $2 $2
Evaporative Emissions V8 s0| s8| s8| si0| sio| si2| si2| si1| si1
Controls
Engine Calibration (% $0 $2 $3 $3 $3 $3 $4 $4 $4
Optimized Thermal V8 so| ss| ss| ss5| se| se| s7| 7| 87
Management

Note: $0 entries denote zero costs due to a 0 percent application rate (see Table 2-16) and/or compliance rate (see

Table 2-18).

Table 2-24 Contribution of Individual Technologies to Vehicle Package Costs — Gasoline
Heavy-duty Class 2b Trucks (2011$)

Technology Engine | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025
Catalyst Loading All $0 | $31 $37 | $42 | $48 | $53| $51 $50 | $49
Optimized Close-coupled All so| so| so| so| so| so| so| so| 0
Catalyst
Secondary Air Injection All $0 $0 $0 $0 $0 $0 $0 $0 $0
Hydrocarbon Adsorber All $0 $0 $0 $0 $0 $0 $0 $0 $0
Evaporative Emissions All S0| $6| se| s8] 8| swo| so| $9| 9
Controls
Engine Calibration All $0 $2 $3 $3 $4 $4 $4 $4 $4
Optimized Thermal All 0| $s| s6| s6| $7| s8] ss| 8| 7
Management

Note: $0 entries denote zero costs due to a 0 percent application rate (see Table 2-16) and/or compliance rate (see

Table 2-18).
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Table 2-25 Contribution of Individual Technologies to Vehicle Package Costs — Gasoline
Heavy-duty Class 3 Trucks (20119)

Technology Engine | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025
Catalyst Loading All $0 | $27 | $34| $40 | $47 | $53 | $51 | $50| $49
Optimized Close-coupled Catalyst | All $0 $0 $0 $0 $0 $0 $0 $0 $0
Secondary Air Injection All $0 $0 $0 $0 $0 $0 $0 $0 $0
Hydrocarbon Adsorber All $0 $0 $0 $0 $0 $0 $0 $0 $0
Evaporative Emissions Controls All $0 $6 $6 $8 $8 | §10 $9 $9 $9
Engine Calibration All $0 $2 $3 $3 $4 $4 $4 $4 $4
Optimized Thermal Management All $0 $4 $5 $6 $7 $8 $8 $8 §7

Note: $0 entries denote zero costs due to a 0 percent application rate (see Table 2-16) and/or compliance rate (see

Table 2-18).

Table 2-26 Contribution of Individual Technologies to Vehicle Package Costs —>14,000
Pound HD Gasoline Trucks (20118)

Technology Engine | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025
Catalyst Loading All $0 $0 $0 $0 $0 $0 $0 $0 $0
Optimized Close-coupled All so| so| so| so| so| so| so| so| so
Catalyst
Secondary Air Injection All $0 $0 $0 $0 $0 $0 $0 $0 $0
Hydrocarbon Adsorber All $0 $0 $0 $0 $0 $0 $0 $0 $0
Evaporative Emissions All so| st0| sio| s$13| $13| si6| s15| s15| $15
Controls
Engine Calibration All $0 $0 $0 $0 $0 $0 $0 $0 $0
Optimized Thermal All so| so| so| so| so| so| so| so| s0
Management

Note: $0 entries denote zero costs due to a 0 percent application rate (see Table 2-16) and/or compliance rate (see

Table 2-18).

Table 2-27 Contribution of Individual Technologies to Vehicle Package Costs — Diesel
Passenger Cars (20119)

Technology Engine | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025
Engine Calibration All $1 $1 $2 $2 $2 $2 $2 $2 $2
Optimized Thermal Management |  All $5 $5 $6 $6 $6 $7 $7 $7 $7
SCR Optimization All $34 | $36 | $38 | $40 | $43 | $45 | $45| $47 | $49

Table 2-28 Contribution of Individual Technologies to Vehicle Package Costs— Diesel
Light-duty Trucks (20119%)

Technology Engine | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025
Engine Calibration All $0 $1 $1 $1 $2 $2 $2 $2 $2
Optimized Thermal Management | All $0 $5 $5 $5 $6 $6 $7 $7 $7
SCR Optimization All $0 | $30 | $33 | $36 | $40 | $43 | $44 | $47 | $49

Note: $0 entries denote zero costs due to a 0 percent application rate (see Table 2-16) and/or compliance rate

(see Table 2-18).
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Table 2-29 Contribution of Individual Technologies to Vehicle Package Costs— Diesel
Heavy-duty Class 2b Trucks (20119%)

Technology Engine | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025
Engine Calibration All $0 $1 $1 $2 $2 $2 $2 $2 $2
Optimized Thermal Management |  All $0 $5 $6 $6 $7 $8 $8 $8 $7
SCR Optimization All $0 | $31 | $37 | $42 | $48 | $53 | $51 | $50 | $49
Note: $0 entries denote zero costs due to a 0 percent application rate (see Table 2-16) and/or compliance rate
(see Table 2-18).

Table 2-30 Contribution of Individual Technologies to Vehicle Package Costs— Diesel
Heavy-duty Class 3 Trucks (20119)

Technology Engine | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025
Engine Calibration All $0 $1 $1 $2 $2 $2 $2 $2 $2
Optimized Thermal Management All $0 $4 $5 $6 $7 $8 $8 $8 $7
SCR Optimization All $0 | $27 | $34 | $40 | $47 | $53 | $51 | $50 | $49

Note: $0 entries denote zero costs due to a 0 percent application rate (see Table 2-16) and/or compliance rate

(see Table 2-18).

The final package costs are simply the sum of the costs shown in each of Table 2-22

through Table 2-30. These results are shown in Table 2-31 for gasoline vehicles and Table 2-32

for diesel vehicles.

Table 2-31 Vehicle Package Costs by Year for All Gasoline Vehicles (20118)

Vehicle category Engine 2017 2018 2019 2020 2021 2022 2023 2024 2025
Passenger car 14 $37 $43 $46 $51 $54 $60 $60 $63 $65
Passenger car V6 $84 $92 $97 $97 | $102 | $101 | $102 | $106 | $110
Passenger car V8 $152 | $165| $174 | $177 | $187 | $189 | $192 | $190 | $197
Light-duty truck 14 S0 | $50 | $54| $61| $65| $72| $73| $77| $80
Light-duty truck V6 $0 $83 $91 $94 $101 $102 $105 $111 $116
Light-duty truck V8 $0 $144 $158 $167 $180 $187 $193 $195 $203
Class 2b $0 $45 $52 $60 $67 $75 $72 $71 $70
Class 3 $0 $40 $48 $58 $66 $75 $72 $71 $70
>14,000 pound HD $0 $10 $10 $13 $13 $16 $15 $15 $15

Note: $0 entries denote zero costs due to a 0 percent application rate (see Table 2-16) and/or compliance rate (see

Table 2-18).

Table 2-32 Vehicle Package Costs by Year for All Diesel Vehicles (20118)

Vehicle category Engine 2017 2018 2019 2020 2021 2022 2023 2024 2025
Passenger car 14 $40 $43 $46 $48 $51 $53 $54 $56 $59
Passenger car V6 $40 $43 $46 $48 $51 $53 $54 $56 $59
Passenger car V8 $40 $43 $46 $48 $51 $53 $54 $56 $59
Light-duty truck 14 $0 $36 $40 $43 $47 $51 $53 $56 $59
Light-duty truck V6 $0 $36 $40 $43 $47 $51 $53 $56 $59
Light-duty truck V8 $0 $36 $40 $43 $47 $51 $53 $56 $59
Class 2b V8 $0 $37 $44 $50 $57 $63 $61 $60 $59
Class 3 V8 $0 $32 $40 $48 $56 $63 $61 $60 $59

Note: $0 entries denote zero costs due to a 0 percent application rate (see Table 2-16) and/or compliance rate (see

Table 2-18).
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2.6  Operating Costs

New for the final rule are estimates of operating costs (fuel savings) associated with the
new evaporative emission standards. The fuel that would have evaporated absent the new
standards will ultimately be used to propel the vehicle, thus providing a savings to the consumer.
This savings is very small but nonetheless real. We also considered other operating costs, such
as maintenance costs and repair costs, but concluded that the nature of the Tier 3 compliance
technologies will not result in any increases or decreases in existing operating costs.

In Chapter 1, we discussed at the length the new evaporative standards and the estimated
reductions; hydrocarbon reductions achieved are converted to the fuel saved by each vehicle
category using the equation in footnote 3 of Table 2-13. Those fuel savings in
gallons/vehicle/year are shown in Table 2-33.

Table 2-33 Fuel Savings per Vehicle per Year Associated with the New Evaporative
Emission Standards

Vehicle Gallons Sales . Tier 3 Cost analysis
type saved/vehicle/year fraction Vehicle category Gallgns

saved/vehicle/year

LDV 0.051 n/a Passenger car 0.051

LDT1 0.051 17%

LDT2 0.049 57%

LDT3 0.051 17% Light truck 0.050

LDT4 0.051 8%

MDPV 0.051 1%

LHDGV 0.059 n/a Class 2b & 3 0.059

>14,000 pound
HHDGV 0.053 n/a GVWR 0.053

Tier 3 compliant vehicles will be expected to realize these fuel savings throughout their
lifetimes. To estimate the lifetime fuel savings, we used the survival fractions shown in Table
2-34, the fuel prices shown in Table 2-35, and the evaporative emission standard phase-in rates
shown in Table 2-18.
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Table 2-34 Vehicle Survival Fractions used in Operating Cost Estimates

Vehicle
age

PC LT HD

1.000 | 1.000 | 1.000
0.988 | 0.978 | 0.978
0.977 | 0.963 | 0.963
0.961 | 0.943 | 0.943
0.945 | 0.931 | 0.931
0.930 | 0915 | 0.915
0911 | 0.893 | 0.893
0.891 | 0.870 | 0.870
0.869 | 0.841 | 0.841
0.840 | 0.796 | 0.796
0.800 | 0.742 | 0.742
0.756 | 0.692 | 0.692
0.706 | 0.641 | 0.641
0.653 | 0.583 | 0.583
0.595 | 0.535 | 0.535
0.531 | 0.486 | 0.486
0.458 | 0.442 | 0.442
0.383 | 0.398 | 0.398
0.308 | 0.352 | 0.352
0.241 | 0.309 | 0.309
0.183 | 0.267 | 0.267
0.139 | 0.228 | 0.228
23 0.107 | 0.202 | 0.202
24 0.082 | 0.175 | 0.175
25 0.063 | 0.158 | 0.158
26 0.051 | 0.145 | 0.145
27 0.042 | 0.139 | 0.139
28 0.034 | 0.125 | 0.125
29 0.028 | 0.111 | 0.111
30 0.024 | 0.103 | 0.103
31 0.000 | 0.093 | 0.093
32 0.000 | 0.083 | 0.083
33 0.000 | 0.073 | 0.073
34 0.000 | 0.062 | 0.062
35 0.000 | 0.050 | 0.050
36 0.000 | 0.038 | 0.038
37 0.000 | 0.027 | 0.027
38 0.000 | 0.000 | 0.000
39 0.000 | 0.000 | 0.000
40 0.000 | 0.000 | 0.000
PC=passenger car; LT=light truck;
HD=all Heavy-duty, including >14K
pounds
Source: EPA’s MOVES model . For
more information regarding the
MOVES model, see Chapter 7 of this
RIA.
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Table 2-35 Gasoline Prices (20118)

Calendar Taxed price Untaxed price
Year ($/gal) ($/gal)
2017 $3.15 $2.74
2018 $3.19 $2.79
2019 $3.25 $2.85
2020 $3.32 $2.92
2021 $3.38 $2.98
2022 $3.43 $3.03
2023 $3.45 $3.06
2024 $3.48 $3.09
2025 $3.49 $3.10
2026 $3.52 $3.14
2027 $3.55 $3.17
2028 $3.58 $3.20
2029 $3.63 $3.25
2030 $3.67 $3.29
2031 $3.71 $3.33
2032 $3.75 $3.38
2033 $3.82 $3.44
2034 $3.87 $3.50
2035 $3.94 $3.57
2036 $4.01 $3.64
2037 $4.08 $3.71
2038 $4.15 $3.79
2039 $4.23 $3.87
2040 $4.32 $3.96

Source: Energy Information Administration, Annual Energy Outlook 2013, Table 59.
Note that the 2040 prices were used for years beyond 2040 in the analysis.

Looking first at the gallons saved during the lifetime of Tier 3 vehicles, the results are
shown in Table 2-36. Clearly, the fuel savings are small on a per vehicle basis, approaching 1
gallon per vehicle during the entire lifetime. Note that the fuel savings reach their maximum in
MY?2022 when the phase-in hits 100% and they remain at those levels thereafter. Importantly,
the maximum lifetime savings would actually be realized by any vehicle meeting the new Tier 3
evaporative standards. The lower savings shown in the early years of implementation are the
result of the phase-in. In other words, 40% of the MY2017 passenger cars would realize 0.783
gallons saved during their lifetimes while the remaining 60% would realize none since they
would not be compliant with the new evaporative standards. The resultant savings for the
average MY2017 passenger car would then be (40%)(0.783)+(60%)(0.0)=0.313 gallons.
Nonetheless, while the savings per vehicle are small, they are real and when realized by millions
of vehicles the total gallons saved becomes more meaningful.
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Table 2-36 Gallons of Gasoline Saved during the Lifetimes of Gasoline Vehicles sold in the

indicated MY

Vehicle MY MY MY MY MY MY MY MY MY
category | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025
PC 0.313 | 0.470 | 0.470 | 0.626 | 0.626 | 0.783 | 0.783 | 0.783 | 0.783
LT 0.000 | 0.491 | 0.491 | 0.655 | 0.655 | 0.819 | 0.819 | 0.819 | 0.819
Class 2b 0.000 | 0.585 ] 0.585 | 0.779 | 0.779 | 0.974 | 0.974 | 0.974 | 0.974
Class 3 0.000 | 0.585 ] 0.585 | 0.779 | 0.779 | 0.974 | 0.974 | 0.974 | 0.974
>14K HD | 0.000 | 0.524 | 0.524 | 0.698 | 0.698 | 0.873 | 0.873 | 0.873 | 0.873

PC=passenger car; LT=light truck; HD=heavy-duty.

We can also look at these gasoline savings on a calendar year basis where, in calendar
year 2017 only the MY2017 vehicles meeting the new evaporative standards will realize any fuel
savings. As shown in Table 2-18 and Table 2-33, this means that only 40% of passenger cars
will realize 0.051 gallons of fuel saved in the 2017 calendar year. But, with gasoline passenger
car sales estimated at 6,184,804 in MY2017, the total gallons saved becomes a more meaningful
number. These results are shown in Table 2-37.

Table 2-37 Annual Gallons of Gasoline Saved

C%‘?;‘f‘ar PC LT | Class2b | Class3 | 14K HD | Total
2017 | 124.985 0 0 0 0| 124.985
2018 | 310,678 | 107.820 | 14.663 | 324 1,679 | 435.164
2019 | 498358 | 213383 | 29.055 | 642 3341 | 744.779
2020 | 751009 | 352.549 | 48.038 | 1.062 5.557 | 1.158.215
2021 | 1002378 | 487.226 | 66.546 | 1471 7.728 | 1.565.350
2022 | 1315316 | 652291 | 89.471 | 1.978 | 10430 | 2.069.486
2023 | 1.625.192 | 812,105 | 112.044 | 2478 | 13,089 | 2.564.908
2024 | 1933324 | 967.512 | 134426 | 2.972 | 15.719 | 3.053.954
2025 | 2.239.807 | 1.118.389 | 156.504 | 3.461 | 18.318 | 3.536.569
2030 | 3.661.158 | 1.800.2890 | 255.597 | 5.652 | 30.125 | 5.752.821

PC=passenger car; LT=light truck; HD=heavy-duty.

Using the gasoline prices shown in Table 2-35, we can determine the monetary savings
associated with these fuel savings. These results are shown in Table 2-38 (using a 3% discount
rate) and in Table 2-39 (using a 7% discount rate) for the lifetimes of all vehicles sold in each
model year. Table 2-40 presents the annual monetized fuel savings.

Table 2-38 Monetized Lifetime Fuel Savings of all Vehicles Sold in Each Model Year,
Discounted at 3% to the 1% year of the Model Year (Millions of 2011$)

Vehicle MY MY MY MY MY MY MY MY MY Sum

category 2017 2018 2019 2020 2021 2022 2023 2024 2025
PC $4.66 $7.09 $7.35 $10.1 $10.3 $13.1 $13.3 $13.7 $14.0 | $93.6
LT $0 $4.22 $4.29 $5.76 $5.77 $7.17 $7.16 $7.19 $7.24 | $48.8
Class 2b $0 | $0.574 | $0.584 | $0.786 | $0.793 $0.99 $1.01 $1.03 $1.05 | $6.82
Class 3 $0 | $0.013 | $0.013 | $0.017 | $0.018 | $0.022 | $0.022 | $0.023 | $0.023 | $0.151
>14K HD $0 | $0.066 | $0.068 | $0.092 | $0.093 | $0.117 | $0.119 | §$0.121 | $0.124 | $0.799
Sum $4.66 $12.0 $12.3 $16.8 $17.0 $21.4 $21.6 $22.1 $22.4 $150

Fuel savings calculated with untaxed gasoline prices; PC=passenger car; LT=light truck; HD=heavy-duty.
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Table 2-39 Monetized Lifetime Fuel Savings of all Vehicles Sold in Each Model Year,
Discounted at 7% to the 1% year of the Model Year (Millions of 2011$)

Vehicle MY MY MY MY MY MY MY MY MY Sum

category 2017 2018 2019 2020 2021 2022 2023 2024 2025
PC $3.47 $5.27 $5.47 §7.51 $7.69 $9.73 $9.9 $10.2 $104 | $69.7
LT $0.000 $3.05 $3.10 $4.17 $4.17 $5.18 $5.18 $5.20 $524 | $353
Class 2b $0.000 | $0.415 | $0.422 | $0.568 | $0.573 | $0.719 | $0.730 | $0.747 | $0.763 | $4.94
Class 3 $0.000 | $0.009 | $0.009 | $0.013 | $0.013 | $0.016 | $0.016 | $0.017 | $0.017 | $0.109
>14K HD $0.000 | $0.048 | $0.049 | $0.066 | $0.067 | $0.085 | $0.086 | $0.088 | $0.090 | $0.578
Sum $3.47 $8.79 $9.05 $12.3 $12.5 $15.7 $15.9 $16.3 $16.5 $111

Fuel savings calculated with untaxed gasoline prices; PC=passenger car; LT=light truck; HD=heavy-duty.

Table 2-40 Annual Monetized Fuel Savings (Millions of 20118)

Ca;l(?::ar PC LT | Class2b | Class3 | >14K HD | Total

2017 $0.342 | $0.000 | $0.000 | $0.000 $0.000 | $0.342
2018 $0.866 | $0.301 $0.041 | $0.001 $0.005 | $1.21
2019 $1.42 | $0.608 | $0.083 | $0.002 $0.010 | $2.12
2020 $2.19 | $1.030 | $0.140 | $0.003 $0.016 | $3.38
2021 $2.99 | $1.45| $0.198 | $0.004 $0.023 | $4.67
2022 $3.99 | $1.98 | $0.271 | $0.006 $0.032 | $6.28
2023 $4.97 | $2.48 | $0.343 | $0.008 $0.040 | $7.84
2024 $597 | $2.99 | $0.415 | $0.009 $0.049 | $9.43
2025 $6.95 | $3.47 | $0.486 | $0.011 $0.057 | $11.0
2030 $12.0 | $5.92 | $0.841 | $0.019 $0.099 | $18.9
Fuel savings calculated with untaxed gasoline prices; PC=passenger
car; LT=light truck; HD=heavy-duty.

2.7  Vehicle Program Costs

With the package costs presented in Table 2-31 and Table 2-32 and the operating costs
presented in Table 2-40, we can begin to develop vehicle program costs associated with the new
Tier 3 standards. The vehicle program costs multiply package costs by appropriate vehicle sales
per year to estimate the annual technology costs of the program. We then subtract from those
annual technology costs the annual operating savings associated with the evaporative standards.
We also include the annual PM facility costs as discussed below.

The first step to this is determining the projected sales of each vehicle category, or
package, as presented in Table 2-31 and Table 2-32. To do this, we have started with the latest
sales projections from our MOVES database which provides projected sales by passenger car,
light truck, etc., and gasoline versus diesel. However, MOVES does not provide sales
projections to the 14 versus V6 versus V8 level of granularity which we need for Tier 3 vehicle
program costs.
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For a fleet mix breakout at the level needed, we are using the fleet mix projections
stemming from OMEGA runs done in support of our recent GHG final rulemakings.'> We began
with the baseline database developed in support of the MY 2017-2025 GHG final rule."* That
baseline database provides the fleet sales mix in the years 2017-2025 for each of the vehicle
category/engine/fuel combinations listed in Table 2-31 and Table 2-32. However, that baseline
database is not reflective of the MY 2012 to 2016 or the MY 2017-2025 GHG final rules which
are expected to have an impact on the sales mix of the vehicle category/engine/fuel combinations
largely due to an expectation that engines will be turbocharged and downsized to achieve better
GHG performance while also maintaining vehicle performance and utility. This downsizing is
expected to provide downward effects on overall Tier 3 costs since vehicles with smaller engines
are expected to incur lower costs than vehicles with larger engines. Therefore, using the baseline
database and the technology penetration rates expected from the MY 2017-2025 GHG final rule,
we have developed a Tier 3 reference case fleet. This reference fleet is the fleet we have used in
developing Tier 3 vehicle program costs. Note that the Tier 3 control case fleet and the reference
case fleet are, in effect, one in the same since Tier 3 itself is not expected to have any impact on
the car/truck fleet mix or the [4/V6/V8 fleet mix.

Note that this reference case fleet differs considerably from the reference case fleet used
in the proposal. The proposal used a fleet mix representing a future fleet meeting the MY2016
GHG standards. That fleet mix had considerably less turbocharging and downsizing of engines
since the MY2016 GHG standards were less stringent than the MY 2017-2025 standards
represented in the final rule’s reference case fleet.

Table 2-41 shows the baseline fleet mix—representing the best estimates of the future
fleet absent any GHG rules—and Table 2-42 shows the Tier 3 reference fleet—representing the
future fleet in the presence of the MY 2012-2016 and MY 2017-2025 GHG final rules. Table
2-43 shows projected sales of light-duty and heavy-duty vehicles excluding sales in California
and other states that have adopted LEVIIL®

¢ Vehicle sales in California and other states that have adopted LEVIII are estimated at 36% of the nationwide total.
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Table 2-41 Baseline Light-Duty Fleet Mix

[} Z‘ [}

2 e |

% % go E 2017 | 2018 | 2019 | 2020 | 2021 2022 | 2023 | 2024 | 2025

> 5| A
14| G | 37.8% | 38.1% | 38.4% | 38.7% | 38.9% | 39.2% | 39.7% | 40.0% | 40.4%
14| D 0.0% | 0.0% | 00% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0%

PC V6 | G | 214% | 21.7% | 21.8% | 22.0% | 22.4% | 22.3% | 22.3% | 22.5% | 22.7%
V6 | D 0.0% | 0.0% | 00% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0%
V8| G 32% | 3.1% | 32% | 32% | 32% | 32% | 3.1% | 3.1% | 3.2%
V8| D 0.0% | 0.0% | 00% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0%
4| G 44% | 40% | 39% | 3.7% | 3.6% | 3.6% | 3.6% | 3.5% | 3.5%
4| D 0.0% | 0.0% | 00% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0%

LT V6 | G | 22.1% | 23.4% | 23.4% | 23.4% | 23.0% | 23.2% | 23.1% | 23.0% | 22.7%
V6 | D 01% | 0.1% | 0.1% | 01% | 0.1% | 0.1% | 0.1% | 0.1% | 0.1%
V8| G |10.7% | 93% | 9.0% | 8.6% | 85% | 82% | 80% | 7.5% | 7.2%
V8| D 0.0% | 0.0% | 0.0% | 0.0% | 0.0% ]| 0.0% | 0.0% | 0.0% | 0.0%

EV 02% | 02% | 02% | 02% | 02% | 02% | 02% | 02% | 0.2%
PC All | All | 62.6% | 63.2% | 63.6% | 64.2% | 64.7% | 64.9% | 65.3% | 65.9% | 66.5%
LT All | All | 37.4% | 36.8% | 36.4% | 35.8% | 35.3% | 35.1% | 34.7% | 34.1% | 33.5%
PC=passenger car; LT=light truck; EV=electric vehicle; G=gasoline; D=diesel.

Table 2-42 Tier 3 Reference Case Light-Duty Fleet Mix

[ Z‘ 0]

—_— = —

% §0 gn ;5 2017 | 2018 | 2019 | 2020 | 2021 2022 | 2023 | 2024 | 2025

> 5| A@
14 G [49.8% | 51.9% | 53.9% | 56.0% | 58.0% | 60.1% | 60.8% | 61.5% | 62.2%
14 D 03% | 02% | 02% | 01% | 01% | 0.0% | 0.0% | 0.0% | 0.0%

PC V6 | G 91% | 7.7% | 62% | 48% | 34% | 19% | 18% | 1.6% | 1.5%
V6 | D 08% | 06% | 05% | 03% | 02% | 0.0% | 0.0% | 0.0% | 0.0%
V8| G 23% | 22% | 21% | 21% | 2.0% | 19% | 1.6% | 13% | 09%
V8| D 02% | 01% | 0.1% ] 01% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0%
14 G [ 19.1% | 20.3% | 21.4% | 22.6% | 23.7% | 24.9% | 26.0% | 27.0% | 28.1%
14 D 0.0% | 0.0% | 00% ]| 0.0% ]| 0.0% | 0.0% | 0.0% | 0.0% | 0.0%

LT V6 | G | 11.1% | 10.0% | 89% | 7.7% | 6.6% | 55% | 49% | 43% | 3.7%
V6 | D 01% | 01% | 0.1% | 01% | 01% | 01% | 0.1% | 0.1% | 0.1%
V8| G 6.9% | 64% | 6.0% | 55% | 51% | 47% | 3.7% | 2.79% | 1.7%
V8| D 01% | 01% | 0.1% ] 01% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0%

EV 02% | 03% | 05% | 06% | 0.8% | 09% | 12% | 15% | 1.8%
PC All | All | 62.6% | 63.1% | 63.5% | 64.0% | 64.4% | 64.9% | 65.4% | 65.9% | 66.4%
LT All | All | 37.4% | 36.9% | 36.5% | 36.0% | 35.6% | 35.1% | 34.6% | 34.1% | 33.5%
PC=passenger car; LT=light truck; EV=electric vehicle; G=gasoline; D=diesel.

One very important piece of information shown in the above tables is the gasoline 14
share of the fleet mix—that share being 63% for passenger cars and 29% for light trucks. So,
OMEGA projects that fully 92% of the light-duty fleet will be gasoline 14 by MY2025. With the
exception of electric vehicles, gasoline 14 engines are the least costly of the vehicle categories at
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achieving Tier 3 emission levels. This helps, in part, to explain the large reduction in program
costs (presented below) in this final rule analysis relative to the proposal.

For heavy-duty Class 2b and 3, we expect no downsizing of engines or other changes to

engines that might influence Tier 3 costs as a result of the MY 2014-2018 Heavy-duty GHG rule.

Therefore, we are using the baseline fleet as the reference fleet for this analysis. However, we
have updated the HD baseline fleet relative to the proposal using more recent MOVES data.

Table 2-43 Projected Tier 3 Sales by Year”

o 2
ez | _
é g |2 2017 2018 2019 2020 2021 2022 2023 2024 2025
>3
PCI4 | G | 5195481 | 5345425 | 5,621,877 | 5,863,693 | 6,078,373 | 6,127,715 | 6,217,541 | 6,341,466 | 6,481,560
PCI4 | D 22,542 16,732 11,301 5,685 0 0 0 0 0
PCV6 | G 767,432 | 617,934 | 482,618 341,259 197,189 181,270 166,561 152,573 138,652
PCV6 | D 65,042 48,787 33,640 17,961 2,080 1,852 1,637 1,427 1,217
PCVS8 | G 221,891 212,696 | 208,494 | 202,729 195,923 161,634 128,438 95,552 62,251
PCVS | D 14,440 10,718 7,239 3,642 0 0 0 0 0
LTI4 | G | 2,030,320 | 2,124,486 | 2,269,022 | 2,400216 | 2,520,536 | 2,618,264 | 2.733236 | 2,864,048 | 3,003,581
LTI4 | D 0 0 0 0 0 0 0 0 0
LTV6 | G | 1,003,041 879,974 | 777,339 | 667,197 552,966 | 492,601 435,536 380,146 | 324,535
LTV6 | D 11,155 9,982 9,041 8,017 6,947 6,342 5,779 5,241 4,705
LTVS | G 644,502 594,005 557,387 516,100 | 471,969 | 368,953 268,449 168,242 66,502
LTVS | D 11,102 8,301 5,688 2,985 247 223 202 181 160
EV 32,163 46,553 62,080 77,465 92,581 120,496 149,188 178,997 | 209,761
PC | All | 6318991 | 6,298,846 | 6,427,249 | 6,512,434 | 6,566,146 | 6,595,482 | 6,668,409 | 6,777,644 | 6,903,720
LT | All | 3,700,120 | 3,616,747 | 3,618,477 | 3,594,515 | 3,552,665 | 3,486,383 | 3,443,202 | 3,417,858 | 3,399,482
L&ﬁ?yt' All | 10,019,111 | 9,915,593 | 10,045,726 | 10,106,949 | 10,118,811 | 10,081,865 | 10,111,611 | 10,195,502 | 10,303,202
C;fs G 413,426 | 411,174 | 412,765 | 410,660 | 409218 | 405,730 | 407,101 411,430 | 415,032
C;fs D 28,228 27,710 27,572 27,320 27,253 27,018 26,979 27,101 27,219
Class3 | G 9,142 9,092 9,127 9,081 9,049 8,972 9,002 9,098 9,177
Class3 | D 97,119 95,336 94,863 93,995 93,764 92,955 92,821 93,243 93,649
Ciss G 441,654 | 438,884 | 440337 | 437,980 | 436,470 | 432,747 | 434,080 | 438,532 | 442,252
Class3 | D 106,261 104,428 103,990 103,076 102,812 101,926 101,823 102,341 102,826
>11{‘]‘)K G 53,101 52,557 53,216 53,508 53,558 53,349 53,505 53,952 54,514
Hgﬁg’ All | 601,015 595,869 597,544 594,563 592,841 588,023 589,408 594,824 | 599,592
LHDD+ All | 10,620,126 | 10,511,462 | 10,643,270 | 10,701,513 | 10,711,652 | 10,669,888 | 10,701,019 | 10,790,326 | 10,902,793

PC=passenger car; LT=light truck; EV=electric vehicle; LD=light-duty; HD=heavy-duty; G=gasoline; D=diesel.

*Sales exclude vehicle sales in California and other states that have adopted LEVIIIL, or roughly 36% of the nationwide total; sales
continue beyond 2025 but are not presented here.
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Using these projected sales, we can calculate the annual costs of the Tier 3 vehicle
program for each vehicle category/engine/fuel combination. We can then add the passenger car
and light-duty truck results to get the costs for light-duty and add the Class 2b, 3 and >14,000
pound HD costs to get the costs for heavy-duty. We have done this separately for the exhaust
and evaporative standards and then the combined standards. The results are shown in Table
2-45.

In addition to considering the costs associated with improving the emission control
systems on vehicles, we also expect that manufacturers will be required to improve their
capability to measure particulate matter (PM) at the levels being required. For additional
information on the test procedure changes, see Section IV.H of the preamble.

We are using the same PM facility upgrade cost inputs as used in the proposal, except
that we have updated those costs to 2011 dollars. To determine the appropriate costs for
upgrading test facilities for PM measurement we used two sources of information: The first was
the cost that the EPA incurred in upgrading its own PM measurement equipment, and the second
was information provided by vehicle manufacturers reflecting estimates for upgrading their
internal facilities. The cost estimates ranged from $250,000 to $500,000 per PM test site (both in
2010%). We recognize that the number of sites that a manufacturer will require is dependent on
the number of vehicle models it expects to develop and certify in a given model year. As stated
in Section IV.A, we have limited the number of certifications required per model year to 25
percent of the represented durability groups, thereby potentially reducing the number of test sites
that require upgrade. In addition, costs will vary by manufacturer depending on the state of their
current test facilities.

Our estimated costs for each manufacturer are show in Table 2-44. With a certification
responsibility of 25 percent of its given model year durability groups we believe that
manufacturers with annual sales of 1 million units or less will require 2 facility upgrades at an
average cost of $375,000 (in 20108, or $383,000 in 20115). For manufacturers with greater than
1 million units per year annual sales we believe that 4 facility upgrades may be required to meet
the Tier 3 requirements.

Table 2-44: PM Facility Costs Imposed by Tier 3 (20119)

Annual # of PM Weigh

Sales Sites to be Cost per site Room Facility # of Total Costs
Cost/Manufacturer | Manufacturers
Volume upgraded Costs
</=1
million 2 $383.000 $766,000 18 $13,800,000
> 1 million 4 $1,530,000 5 $7,66,000
Fleet 23 $21,400,000

Note that the number of manufacturers in the </= 1 million range has been reduced from 20 in the proposal to 18 in
the final rule. This is because Chrysler, Fiat and Maserati are now treated as one manufacturer in the >1 million
range rather than two in the </=1 million range (Fiat and Maserati) and one in the >1 million range (Chrysler).

We also anticipate that each manufacturer would hire a new full time employee to cover
additional PM measurement-related work. We have estimated this employee to cost each
manufacturer $153,000 (20118) per year. With 23 manufacturers, the total cost would be
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$3,520,000 per year every year going forward. In contrast, the PM facility costs shown in Table
2-44 represent one-time costs we expect to be incurred in the year prior to implementation of the
standards. These costs are shown in Table 2-45.

Table 2-45 Undiscounted Annual Costs of the Tier 3 Vehicle Program (Millions of 20118)

Exhaust Evaporative Operating Facility Total

LD HD All LD HD All LD HD All & staff
2016 $0 $0 $0 $0 $0 $0 $0 $0 $0 $21.4 | $21.4
2017 $268 $0 | $268 | §$25.5 $0 | §$25.5 $0 $0 $0 $3.52 $297

2018 $519 | $20.2 | $539 | $70.2 | $3.24 | $73.4 | -$1.17 | -$0.047 | -$1.22 $3.52 $615

2019 $555 | $242 | $579 | $69.2 | $3.18 | $72.4 | -$2.03 | -$0.094 | -$2.12 $3.52 $653

2020 $571 | $27.8 | $599 | $943 | $4.12 | $98.4 | -$3.22 | -$0.160 | -$3.38 $3.52 $697

2021 $598 | $31.5] $630 | $92.8 | $4.04 | $96.8 | -$4.44 | -3$0.226 | -$4.67 $3.52 $725

2022 $605 | $34.8 | $640 $116 | $4.93 $121 | -$5.96 | -$0.309 | -$6.27 $3.52 $758

2023 $606 | $333 | $639 $111 | $4.73 $116 | -$7.45| -$0.390 | -$7.84 $3.52 $751

2024 $620 | $33.1 | $653 $109 | $4.70 $114 | -$8.95 | -$0.472 | -$9.42 $3.52 $761

2025 $635 | $32.8 | $668 $108 | $4.66 $113 | -$10.4 | -$0.553 | -$11.0 $3.52 $773

2030 $632 | $31.8 | $664 $108 | $4.56 $113 | -$18.0 | -$0.959 | -§19.0 $3.52 $761

Note: Costs shown include costs for the Tier 3 standards on vehicles sold outside California and other states that
have adopted LEVIII; operating savings use untaxed gasoline prices.

By then sales weighting the exhaust and evaporative results by sales in each of the
vehicle category/engine/fuel combinations, we can calculate the annual technology costs for
passenger cars, light-duty trucks and heavy-duty trucks. We show these cost per vehicle results
for the exhaust standards in Table 2-46, for the evaporative standards in Table 2-47and for the
combined exhaust and evaporative standards in Table 2-48. The costs shown in these three
tables include all direct and indirect costs for new vehicle hardware (they exclude operating
savings and PM facility costs). They also include the effects of learning, and the expected
penetration rates and phase-ins of the Tier 3 standards.

Table 2-46 Cost per Vehicle for the Tier 3 Exhaust Emission Standards (20119)

2017 2018 2019 2020 2021 2022 2023 2024 2025
Passenger car $42 $45 $47 $48 $50 $52 $52 $54 $55
Light-duty truck $0 $65 $70 §72 $76 $76 §75 $75 $75
All light-duty $27 $52 $55 $56 $59 $60 $60 $61 $62
Class 2b $0 $38 $45 §52 $59 $65 $63 $62 $60
Class 3 $0 $32 $41 $48 $56 $64 $61 $60 $59
>14K HD $0 $0 $0 $0 $0 $0 $0 $0 $0
All heavy-duty $0 $34 $40 $47 $53 $59 $57 $56 $55
All LD and HD $25 $51 $54 $56 $59 $60 $60 $61 $61

Note: Costs shown include costs for the Tier 3 standards on vehicles sold outside California and other states that
have adopted LEVIII.
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Table 2-47 Cost per Vehicle for the Tier 3 Evaporative Emission Standards (20118)

2017 2018 2019 2020 2021 2022 2023 2024 2025
Passenger car $4 $7 $7 $9 $9 $11 $11 $11 $10
Light-duty truck 50 $8 $8 $10 $10 $12 S11 $11 $11
All light-duty $3 $7 $7 $9 $9 $12 S11 $11 $11
Class 2b $0 $6 $6 $8 $8 $9 $9 $9 $9
Class 3 $0 $1 $1 $1 $1 $1 $1 $1 $1
>14K HD $0 $10 $10 $13 $13 $16 $15 $15 $15
All heavy-duty 50 $5 $5 $7 $7 $8 $8 $8 $8
All LD and HD $2 $7 $7 $9 $9 $11 $11 $11 $10

Note: Costs shown include costs for the Tier 3 standards on vehicles sold outside California and other states that
have adopted LEVIII.

Table 2-48 Cost per Vehicle for the Combined Tier 3 Exhaust and Evaporative Emission

Standards (20118)
2017 2018 2019 2020 2021 2022 2023 2024 2025
Passenger car $46 $51 $53 $57 $59 $63 $63 $64 $65
Light-duty truck $0 $73 $78 $82 $86 $88 $87 $87 $86
All light-duty $29 $59 $62 $66 $68 $72 $71 §72 §72
Class 2b $0 $44 $51 $60 $66 $75 $71 $70 $69
Class 3 $0 $33 $41 $49 $57 $65 $62 $61 $60
>14K HD $0 $10 $10 $13 $13 $16 $15 $15 $15
All heavy-duty $0 $39 $46 $54 $60 $68 $65 $64 $62
All LD and HD $28 $58 $61 $65 $68 $71 $71 $71 $72

Note: Costs shown include costs for the Tier 3 standards on vehicles sold outside California and other states that
have adopted LEVIIIL.
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Chapter 3 Establishing New Emission Test Fuel Parameters

In-use gasoline has changed considerably since EPA’s emission test gasoline
specifications were first set and last revised. Sulfur and benzene content have been reduced and,
perhaps most visibly to consumers, gasoline containing 10 percent ethanol by volume (E10) has
replaced non-oxygenated gasoline (EO) across the country. The relationship between emissions
certification test fuel and in-use fuel is important in recognition of the fact that fuel properties
can affect emission levels. Therefore, in revising specifications for emission test gasoline, it is
important to have a thorough assessment of fuel available to the public.

We primarily used two sources of fuel property information to determine appropriate
specifications for emissions test fuel. One was the Reformulated Gasoline and Anti-Dumping
Batch Report data submitted to EPA (referred to in this section as batch data). Producers and
importers of gasoline and related blendstocks must submit data to EPA for each batch of gasoline
produced or imported. These data include batch volume as well as physical and chemical
properties that can be used to determine whether the fuel is compliant with applicable standards
and regulations. These reports are considered Confidential Business Information and thus only
aggregated data is presented here.

The second data source was the Alliance of Automobile Manufacturers (AAM) North
American Fuel Survey. Each summer and winter, the AAM collects over 300 gasoline samples
from retail stations in 29 major metropolitan areas in 23 states plus the District of Columbia.
Areas currently sampled include: Albuquerque, NM; Atlanta, GA; Billings, MT; Boston, MA;
Chicago, IL; Cleveland, OH; Dallas, Houston, and San Antonio, TX; Denver, CO; Detroit, MI;
Fairbanks, AK; Kansas City and St. Louis, MO; Las Vegas, NV; Los Angeles and San Francisco,
CA; Memphis, TN; Miami, FL; Minneapolis/St. Paul, MN; New Orleans, LA; New York, NY;
Philadelphia and Pittsburgh, PA; Phoenix, AZ; Salt Lake City, UT; Seattle, WA; Washington,
D.C.; and Watertown, SD. Although the AAM North American Fuel Survey does not represent
all U.S. gasoline, it is designed to have good coverage of the U.S. market.

Note that this assessment focuses on fuel properties for summertime, regular grade, E10
gasoline since this is most relevant to the certification testing conditions and fuel specifications.

3.1 Assessment of Current Gasoline Properties
3.1.1 Ethanol Content

According to the Energy Information Administration (EIA), ethanol is now blended into
almost every gallon of U.S. gasoline, bringing the average gasoline ethanol content to 9.7 percent
denatured ethanol by volume (vol%) as shown in Figure 3-1. Denaturant, generally a
hydrocarbon blendstock such as natural gas liquids or low-octane gasoline components, is added
at a rate of approximately 2 volume percent by the ethanol producer before shipping it to fuel
terminals. (This is required to differentiate the product from beverage alcohol.)
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Figure 3-1. Denatured Ethanol Content in U.S. Gasoline Over Time'

The plot shows a rapid increase in ethanol content starting around 2002 and leveling out
after 2010 as it approaches 10 percent volume (this average figure also includes a small amount
of E85 use in Flex Fuel vehicles). While EPA has approved use of E15 in gasoline vehicles of
model year 2001 and later, its use has not yet become widespread.”

Figure 3-2 shows the distribution of ethanol levels across 404 regular grade summer E10
gasoline samples collected by AAM in 2010 and 2011. These data suggest the range of ethanol
blending in E10 is relatively narrow, with most samples falling between 9.3 and 10.0 volume
percent (excluding denaturant). Higher and lower values in the data are likely due to test method
uncertainty. Based on this information, an emission test fuel target of 9.8 volume percent
ethanol (excluding denaturant) is appropriate.

A The E15 approval decision was published in 76 FR 4662 (January 26, 2011).
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Figure 3-2. Range of Ethanol in E10 Gasoline in 2010-11 AAM Summer Surveys

3.1.2 Octane

U.S. gasoline must meet a minimum octane rating (also known as (R+M)/2 or anti-knock
index, AKI) of 87 for regular grade in most parts of the country. Denatured fuel ethanol has a
typical octane rating of 115 AKI, making it a high-octane blendstock. However, finished
gasoline has not experienced an increase in octane due to increased ethanol blending. Given this
situation, along with data presented in the next subsection, it is evident that many refiners have
backed off on octane production at the refinery by reducing levels of aromatics and olefins.
Producing these high-octane components at the refinery represents a significant cost to refiners,
so they are able to reduce costs by taking advantage of ethanol’s octane value. We estimate that
many refiners are currently producing 84-85 AKI blendstocks for 87 octane regular-grade
gasoline and 88-89 AKI blendstocks for 91 octane premium-grade gasoline, such that the final
E10 blends meet minimum octane requirements.

According to AAM summer fuel surveys, the average octane of finished regular grade
gasoline has remained constant between 87-88 AKI over the past decade (refer to Figure 3-3)
despite the increasing blend level of ethanol. According to EIA’s Petroleum Marketing Annual,
regular grade gasoline represents over 85 percent of U.S. sales.” Accordingly, we believe the
updated 87-88.4 (R+M)/2 test fuel specification is representative of regular grade in-use
gasoline.
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Figure 3-3. Average Summer Regular Grade Octane and Ethanol Levels Over Time

3.1.3 Total Aromatics and Total Olefins

The term olefin describes a hydrocarbon compound containing at least one unsaturated or
double bond. Aromatics are a specific class of olefins that contain the benzene ring. When
crude oil is distilled into various fractions according to boiling range, the fraction going into the
gasoline pool, called straight run naphtha, contains primarily saturated hydrocarbons. Both
olefins and aromatics have higher AKI values relative to saturates, and therefore increasing their
proportions in the finished gasoline is an important method refiners use to meet required AKI
targets.

Ethanol also has a high AKI value, and as it has become more ubiquitous as a blendstock,
refiners are relying on it to an increasing extent to meet octane targets. The average aromatics,
olefin, and ethanol levels by year for all summer gasoline are shown in Figure 3-4. Here we can
see a general trend of aromatic and olefin levels declining as fuel ethanol content increased.
Using 2010-11 AAM survey data, the average aromatics content of conventional regular grade
E10 gasoline (172 samples) was 24.3 vol% and the average olefins content was 7.3 vol%. When
interpreting these aromatics results as a basis for updating test fuel specifications, we considered
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the fact that ASTM D1319 (used for the AAM surveys) gives a numerical value between 1-2
vol% higher than ASTM D5769 (specified for test fuel analysis) for the same fuel sample.”
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Figure 3-4. Average Summer Gasoline Aromatics, Olefin and Ethanol Levels Over Time

Although total aromatics and olefins have been reduced over the past decade, there
continues to be variation on a batch-by-batch and geographic basis. Our refinery batch data for
summer 2011 shows a range of gasoline aromatics levels from approximately 5 to 50 vol% with
an average concentration of 24 vol% (Figure 3-5), and a range of olefin levels from 0 to 25 vol%
with an average concentration of 11 vol% (Figure 3-6). The 2011 batch data shown in Figures 3-
5 and 3-6 only reflects the effect of ethanol in reformulated gasoline that is match blended to
account for it. It does not account for ethanol that may be blended into conventional gasoline
after it leaves the refinery since existing gasoline regulations do not readily allow refiners to take
advantage of ethanol properties in most compliance calculations. As a result, AAM and other
gasoline surveys may show lower aromatics and olefins than what is suggested by the batch data.

B Information based on analysis of several recent ASTM cross-check datasets.
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Figure 3-6. Gasoline Olefins Distribution Based on Summer 2011 Refinery Batch Data

In the summer of 2010, according to the AAM North American Fuel Survey, measured
in-use aromatics levels ranged from 3 to 47 vol% (Figure 3-7) while olefin levels ranged from
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0.6 to 17 vol% (Figure 3-8). California tends to have lower, tighter in-use levels of aromatics
and olefins as a result of their more stringent fuel regulations. As shown below, gasoline
samples taken from Los Angeles and San Francisco had aromatics levels ranging from 10 to 30
vol% and olefin levels ranging from 1 to 8 vol%. Nevertheless, our updated emission test fuel
specifications for aromatics and olefins still overlap with those established by the California Air
Resources Board (CARB) for LEV III test fuel.¢
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Figure 3-7. Range of Total Aromatics by AAM City Surveyed, Summer 2010

¢ California LEV III emission test procedures, including fuel specifications, are available at 13 CCR 1961 .2.
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Figure 3-8. Range of Olefins by AAM City Surveyed, Summer 2010

3.1.4 Aromatics Species

Gasoline speciation data performed by EPA and others shows a wide range of aromatic
molecule configurations from benzene (C6, meaning it contains six carbon atoms), and toluene
(C7), to larger more complicated C10+ aromatics. Between 2007 and 2011, EPA performed
aromatic speciation analyses on 52 fuel samples from various locations throughout the country.
Approximately 60 percent were RFG oversight samples (supplied by refiners as part of the RFG
program) and the remainder were audit samples collected mostly from retail outlets as part of the
City Surveys provision in the RFG program. Total aromatics ranged from 6 to 39 percent of
gasoline by volume, but the relative proportions of molecular species by carbon number were
relatively consistent across the samples (Figure 3-9).
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Figure 3-9. Proportions of Aromatic Species by Carbon Number and Sample Location,
Based on EPA Samples Taken Over 2007-2011

The relative proportion of aromatics of varying molecular size is of interest in light of a
growing number of studies showing the influence of higher-boiling aromatic compounds on
particulate matter (PM) emissions from gasoline vehicles. A study published by the Japan
Petroleum Energy Center (JPEC) found that PM mass emissions from a light-duty gasoline
vehicle increased with increasing carbon number of aromatics in the gasoline.” Honda has
published a “PM Index” that correlates PM emissions to the double bond equivalent (DBE) and
vapor pressure (V.P) of the fuel components.* The PM index is a function of all the gasoline
components (i) and their respective weight percent (Wt;) as shown in Equation 1. DBE is an
indication of the number of double bonds and rings present in the molecule. For example,
benzene (CsHg) would have a DBE of four (three double bonds plus one ring) while naphthalene
(CioHs), would have a DBE of seven (five double bonds plus two rings). According to this
model, gasoline containing a large fraction of low-volatility compounds with high DBE values is
expected to produce greater PM emissions.

Equation 1. Particulate Matter Index Calculation

DEE. +1
PM Index = Z [ ® Wt, ]
V.P(443K),
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Since aromatics do not appear to be created equally in terms of the potential impact on
vehicle PM emissions, we believe it is prudent that both the amount and distribution of aromatics
in the updated emissions test fuel is representative of in-use fuel. Figure 3-10 shows averages
and ranges of EPA aromatics speciation data with test fuel specification ranges shown in blue.

9
Proportions adjusted to total aromatics of 23.0 vol% Groups Included:
Q= Mono-aromatics
G = Naphthalenes
8 H =Napthleneo/Olefino-
Benzenes
J=Indenes
7
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Figure 3-10. Mean and Standard Deviation of Aromatics Speciation Data with Test Fuel
Specification Ranges Shown in Blue

3.1.5 Distillation Temperatures

As shown below in Figure 3-11, AAM survey data suggests there has not been a large
change in gasoline volatility curves for summer gasoline over the past decade as ethanol
blending has increased. The T50 and T90 temperatures are treated in more detail in subsections
below.

3-10



500
407 409 411 408 406 410 411 407
405 401 397 402
400 P ey e — M
—~—
329 328 329 329
324 325 325 326 217 326 322 319
=
<
— 300
2
S
]
:._z
a
g 208 207 210 210 21+1 210 21: 210 204 207 205 202
3 — —- = <> \ g —- v O —— e o
2 200 M —— -
(T
o
136 136 138 138 137 139 137 137 136 135 134 133
[ EE—— +———a—— +—a——n
100
== Avg.T10 (AAM) === Avg.T50 (AAM) Avg.T90 (AAM) == Avg. FBP (AAM)
0 : : : : : : : : : : :
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

Figure 3-11. Summer Gasoline Distillation Temperatures Over Time From AAM Surveys

3.1.5.1 T50 analysis

Splash-blending 10 percent ethanol in an E0 base typically lowers T50 by several degrees
relative to the base gasoline. Given that much of the refinery batch data for conventional
gasoline in 2011 did not capture the property changes resulting from ethanol blending, we would
expect the curve in Figure 3-12 to be shifted downward, putting it in closer agreement with the
AAM survey data average of around 202°F as shown in Figure 3-11. The AAM survey data in
Figure 3-13 shows that T50 varies widely in in-use fuel, from around 150°F to 220°F. Plotting
T50 by RVP reveals that T50 values span a higher and narrower range in reformulated and
volatility-control-area fuels (on the left, below about 8.5 psi) compared to conventional gasoline
(above about 9 psi). Adopting a wide specification for test fuel to cover this whole range may
have undesirable effects on consistency of vehicle test results between facilities and over time.
Therefore, we have chosen a range of 190-210°F to represent both fuel types and maintain some
overlap with CARB’s specification of 205-215°F.
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3.1.52  T90 Analysis

To develop an understanding of the variation of T90 over the pool of gasoline produced
or imported during the 2011 averaging period, we plotted T90 versus cumulative gasoline
volume. Approximately 90% of the T90 data is linearly distributed along the center portion of
the plot. The remaining 10% of the T90 data is comprised of outliers, with the lower and upper
end of the temperature spectrum tailing off slightly. The volume-weighted average T90 was
325°F (see Figure 3-14). T90 is relatively insensitive to ethanol blending at the 10 percent level,
and therefore we see good agreement between the batch and AAM datasets on average value.
Figure 3-15 shows AAM T90 data plotted by RVP, where there appears to be much less
influence difference between reformulated and conventional fuel pools. Based on this
information, we set the test fuel specification range at 315-335°F.
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Figure 3-14. Gasoline T90 Range Based on Summer 2011 Refinery Batch Data
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Figure 3-15. T90 Range in 2010-11 Summer Gasoline as Reported in AAM Surveys

3.1.6 Sulfur and Benzene

Gasoline sulfur levels have declined significantly over the past decade under the Tier 2
gasoline program.” The phase-in period of those standards began in 2004 and continued until
2011, when all geographic and small refiner relief provisions ended. According to AAM
summer fuel surveys, average gasoline sulfur has gone from over 150 ppm in 2000 to less than
30 ppm (the Tier 2 average standard) in 2012 (refer to Figure 3-16). Refinery batch reports for
2011 (refer to Figure 3-17) depict a volume-weighted average gasoline sulfur just below 30 ppm.
Again, given that refinery certification data does not include all ethanol blended into
conventional gasoline, the average sulfur content in-use is expected to be slightly lower, which is
consistent with the AAM data.

After the phase-in of the Tier 3 sulfur limits, gasoline sulfur levels are required to fall to
10 ppm. Sulfur naturally occurs in crude oil and most refineries must spend money to install and
operate units that remove it from gasoline. This sulfur byproduct of refining has little market
value itself, so significant overcompliance with this standard is not expected. Accordingly, the
updated test fuel sulfur specification is being set to a range of 8-11 ppm.

P The Tier 2 final rulemaking was published in 65 FR 6698 (February 10, 2000).
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Gasoline benzene levels have also fallen in recent years primarily due to the MSAT2
program, which enacted an annual average standard of 0.62 volume percent benzene across all
gasoline effective January, 1, 2011. According to AAM summer fuel surveys, average gasoline
benzene content has declined from almost 1 vol% in 2006 to less than 0.7 vol% in 2011 (refer to
Figure 3-16). This is in general agreement with refinery batch reports where volume-weighted
average benzene was less than 0.6 vol% in summer 2011 (refer to Figure 3-18). Again, given
that refinery certification data does not include all ethanol blended into conventional gasoline, it
is reasonable that the average benzene content shown in the AAM data is a bit lower than
suggested by the batch reports.

Some benzene naturally occurs in crude oil, but the majority that ends up in finished
gasoline is produced during refinery operations intended to increase the total aromatics content
to meet octane requirements. Therefore most refineries must spend money to install and operate
units that remove benzene from certain blendstock streams before the finished gasoline is made.
In some areas of the country (such as the Gulf Coast), benzene has significant value as a
chemical feedstock and may be extracted from gasoline at a rate that is greater than would
otherwise be required to meet fuel regulations. In most areas of the country, however, meeting
the gasoline benzene limits is the sole driver of any reduction process, and therefore due to the
averaging, banking, and trading provisions in the regulations we don’t expect significant
overcompliance on a nationwide basis. Therefore we believe an emissions test fuel benzene
specification of 0.5-0.7 vol% is representative of in-use gasoline now and going forward. These
benzene and sulfur specifications are consistent with CARB’s LEV III specifications.

¥ The MSAT 2 final rulemaking was published in 72 FR 8428 (February 26, 2007).
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3.2  Gasoline Emission Test Fuel Specifications

As explained in Section IV.F of the preamble, we are updating federal emission test fuel
specifications to better match in-use fuel. The revised test fuel specifications apply for exhaust
emissions testing, fuel economy/greenhouse gas testing, and emissions testing for non-exhaust
emissions (evaporative, refueling, and leak detection testing). The revised gasoline
specifications, found at §1065.710 and shown here in Table 3-1, apply to emissions testing of
light-duty cars and trucks as well as heavy-duty gasoline vehicles certified on the chassis test,
those subject to the Tier 3 standards. For information on how we arrived at the revised ASTM
test procedures, refer to Section 3.3. Commercial gasoline or “street fuel” would continue to be
used for service accumulation (durability fuel). This is consistent with CARB’s LEV III
approach and should help limit the total number of test fuels that automakers need to manage.
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Table 3-1. Gasoline Emission Test Fuel Specifications

SPECIFICATION
. Reference
Property Unit : 1
General Low High Altitude Procedure
Testing Tempeyature Testing
Testing
Antiknock Index ) .. ASTM D2699 and
(R+M)/2 - 87.0 - 88.4 87.0 Minimum D2700
e .. ASTM D2699 and
Sensitivity (R-M) - 7.5 Minimum D2700
Dry Vapor Pressure . 60.0-63.4 77.2-81.4 52.4-55.2
Equivalent (DVPE)™* kPa (psi) (8.79.2) (11.2-11.8) (7.6-8.0) ASTM D3191
Distillation” °C (°F) 49-60 43-54 49-60
10% evaporated (120-140) (110-130) (120-140)
50% evaporated °C (°F) 88-99 (190-210)
90% evaporated °C (°F) 157-168 (315-335) ASTM D86
Evabpgirﬁfgdgi °C (°F) 193-216 (380-420)
Residue milliliter 2.0 Maximum
Total Aromatic volume % 21.0-25.0
Hydrocarbons
€6 Aromatics volume % 0.5-0.7
(benzene)
C7 Aromatics
(toluenc) volume % 3.2-6:4 ASTM D5769
C8 Aromatics volume % 5.2-64
C9 Aromatics volume % 5.2-64
C10+ Aromatics volume % 4.4-5.6
Olefins® mass % 4.0-10.0 ASTM D6550
See
0, -
Ethanol blended volume % 9.6-10.0 §1065.710(b)(3)
ASTM D43815 or
6 0, -
Ethanol confirmatory volume % 9.4-10.2 D5599
Total Content of
Oxygenates Other than volume % 0.1 Maximum ASTM D4815 or
Ethanol® D3599
ASTM D2622,
Sulfur mg/kg 8.0-11.0 D5453 or D7039
Lead g/liter 0.0026 Maximum ASTM D3237
Phosphorus g/liter 0.0013 Maximum ASTM D3231
Copper Corrosion - No. 1 Maximum ASTM D130
Solvent-Washed Gum mg/100 3.0 Maximum ASTM D381
Content milliliter
Oxidation Stability minute 1000 Minimum ASTM D525

'ASTM procedures are incorporated by reference in §1065.1010. See §1065.701(d) for other allowed procedures.
?QOctane specifications apply only for testing related to exhaust emissions. For engines or vehicles that require the
use of premium fuel, as described in paragraph (d) of this section, the adjusted specification for antiknock index is a
minimum value of 91.0; no maximum value applies. All other specifications apply for this high-octane fuel.
3Calculate dry vapor pressure equivalent, DVPE, based on the measured total vapor pressure, pr, using the following
equation: DVPE (kPa) = 0.956-pt - 2.39 (or DVPE (psi) = 0.956-pr — 0.347. DVPE is intended to be equivalent to
Reid Vapor Pressure using a different test method.
*Parenthetical values are shown for informational purposes only.
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>The reference procedure prescribes measurement of olefin concentration in mass %. Multiply this result by 0.857
and round to the first decimal place to determine the olefin concentration in volume %.

SThe reference procedure prescribes concentration measurements for ethanol and other oxygenates in mass %.
Convert results to volume % as specified in Section 14.3 of ASTM DA4815.

Along with updated emission test fuel parameters, we are adding specifications for
distillation residue, total content of oxygenates other than ethanol, copper corrosion, solvent-
washed gum content, and oxidation stability. These parameters, summarized in Table 3-1, are
consistent with ASTM D-4814 gasoline specifications and CARB’s LEV III test fuel

requirements.

33 Changes to ASTM Test Methods

Many of the test methods specified in 40 CFR 86.113 for gasoline used in exhaust and
evaporative emission testing have been retained in 40 CFR 1065.710 test fuel specification for
ethanol-blended gasoline. However, some test methods have been replaced with methods
deemed more appropriate, easier to use, or more precise. The following paragraphs highlight the
new reference methods.

ASTM D323 “Standard Test Method for Vapor Pressure of Petroleum Products (Reid
Method)” is not applicable to ethanol-blended gasoline. It is being replaced with an automated
ASTM D5191 “Standard Test Method for Vapor Pressure of Petroleum Products (Mini
Method),” which is appropriate for ethanol-blended gasoline.

ASTM D1319 “Standard Test Method for Hydrocarbon Types in Liquid Petroleum
Products by Fluorescent Indicator Adsorption” is required by 40 CFR 86.113 for use in the
measurement of aromatics and olefins. It is being replaced with ASTM D5769 “Standard Test
Method for Determination of Benzene, Toluene, and Total Aromatics in Finished Gasolines by
Gas Chromatography/Mass Spectrometry” and ASTM D6550 “Standard Test Method for
Determination of Olefin Content of Gasolines by Supercritical-Fluid Chromatography.” Method
D5769 enables simultaneous determination of the total aromatic hydrocarbon content, carbon
number-specific content, and benzene content and is already being used in reformulated gasoline
applications. ASTM D1319 does not identify aromatics by carbon number, which is now
required for the Tier 3 test fuel in 40 CFR 1065.710. In addition, ASTM D5769 and D6550 are
more precise and less labor-intensive than ASTM D1319.

Measurement of oxygenates, including ethanol, is being updated to allow two methods
that produce equivalent results: ASTM D4815, “Standard Test Method for Determination of
MTBE, ETBE, TAME, DIPE, tertiary-Amyl Alcohol and C1 to C4 Alcohols in Gasoline by Gas
Chromatography” and ASTM D5599, “Standard Test Method for Determination of Oxygenates
in Gasoline by Gas Chromatography and Oxygen Selective Flame Ionization Detection”.

For sulfur measurements, ASTM D1266 “Standard Test Method for Sulfur in Petroleum
Products (Lamp Method)” is being replaced with three automated methods: ASTM D2622
“Standard Test Method for Sulfur in Petroleum Products by Wavelength Dispersive X-ray
Fluorescence Spectrometry”, ASTM D5453 “Standard Test Method for Determination of Total
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Sulfur in Light Hydrocarbons, Spark Ignition Engine Fuel, Diesel Engine Fuel, and Engine Oil
by Ultraviolet Fluorescence” and ASTM D7039 “Standard Test Method for Sulfur in Gasoline
and Diesel Fuel by Monochromatic Wavelength Dispersive X-ray Fluorescence Spectrometry.’
These three new methods are significantly less labor-intensive than ASTM D1266 and are
widely used in the measurement of sulfur content in petroleum products.

b
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Chapter 4 Fuel Program Feasibility
4.1 Overview of Refining Operations
Figure 4-1 shows a process flow diagram for a typical complex refinery, capable of

making a wide product slate (shown on the right side of the figure) from crude oil (input on the
left). Following the figure is a brief description of key units and streams focusing more on the
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Figure 4-1 Process Flow Diagram for a Typical Complex Refinery

ﬂ

Vacuum Tower

Crude Tower

The purpose of the crude tower is to perform a distillation separation of crude oil into
different streams for additional processing in the refinery and for the production of specific
products. Crude oil is shipped to the refinery via pipeline, ship, barge, rail, or truck, whereupon
it is sampled, tested, and approved for processing. The crude oil is heated to between 650 °F and
700 °F and fed to crude distillation tower. Crude components vaporize and flow upward through
the tower. Draw trays are installed at specific locations up the tower from which desired side
cuts or fractions are withdrawn. The first side-cut above the flash zone is usually atmospheric
gasoil (AGO), then diesel and kerosene/jet fuel are the next side-cuts, in that order. The lightest
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components, referred to here as straight run naphtha, remain in the vapor phase until they exit the
tower overhead, following which they are condensed and cooled and sent to the naphtha splitter.

Naphtha Splitter

The purpose of the naphtha splitter is to perform a distillation separation of straight run
naphtha into light straight run naphtha and heavy straight run naphtha. The feed can be split
between the C5’s and C6’s in order to assure the C6’s and heavier are fed to the reformer.

Naphtha Hydrotreater

The purpose of the naphtha hydrotreater is to reduce the sulfur of light and heavy straight
run streams before those streams are refined further by the isomerization and reformer units.

Isomerization Unit

The purpose of the isomerization unit is to convert the light naphtha from straight chain
hydrocarbons to branched chain hydrocarbons, increasing the octane of this stream. The
isomerate is sent to gasoline blending.

Reformer

The purpose of the reformer unit is to convert heavy straight run (C6 to C8 or C9
hydrocarbons) into aromatic and other higher octane compounds (benzene is one of the aromatic
compounds produced), typically necessary to produce gasoline with sufficient octane. To protect
the very expensive, precious metal catalyst used in reformers, heavy straight run naphtha must be
hydrotreated first before it is fed to the reformer. As the reformer converts the feed
hydrocarbons to aromatics, hydrogen and light gases are produced as byproducts. The liquid
product, known as reformate, is sent directly to gasoline blending, or to aromatics extraction.

Aromatics Extraction Unit

The purpose of aromatics extraction is to separate the aromatic compounds from the rest
of the hydrocarbons in reformate using chemical extraction with a solvent to concentrate the
individual aromatic compounds, (mainly xylene and benzene) for sale to the chemicals market.

Vacuum Tower

The purpose of the vacuum distillation tower unit is to enable a refinery to produce more
gasoline and diesel fuel out of a barrel of crude oil. It separates the vacuum gasoil (VGO), which
is fed to the FCC unit, from the vacuum tower bottoms (VTB) which is sent to the coker, or in
other refineries is made into asphalt. Because most sulfur contained in crude oil is contained in
the heaviest part of crude oil, the VGO and VTB are very high in sulfur.

Fluidized Catalytic Cracker

The purpose of the fluidized catalytic cracker is to convert heavy hydrocarbons, which
have very low value, to higher value lighter hydrocarbons. AGO and VGO are the usual feeds to
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a fluid catalytic cracker (FCC). The full boiling range cracked product leaves the reactor and is
sent to a fractionator. The overhead includes propane, propylene, butane, butylene, fuel gas and
FCC naphtha, which contains a significant amount of sulfur. There are two heavy streams; light
cycle oil (LCO), which can be hydrotreated and blended into diesel fuel or hydrocracked into
gasoline; and heavy cycle oil, sometimes called slurry oil, which can be used for refinery fuel.
Very simple refineries do not have FCC units, and therefore, produce gasoline with very low in
sulfur.

FCC Feed Hydrotreater or Mild Hydrocracker “A”

FCC feed hydrotreaters and mild hydrocrackers hydrotreat or mildly hydrocrack the feed
to the FCC unit which provides two distinct benefits. First, by increasing the amount of
hydrogen in the feed to the FCC unit, the FCC unit increases the conversion of the feed to high
value light products, particularly FCC naphtha which increases the gasoline yield. Second,
hydrotreating the feed removes some contaminants in the feed such as nitrogen and sulfur.
Nitrogen in the feed negatively affects the FCC catalyst. Removing the sulfur in the feed helps
in two ways. Some of the sulfur in the feed is released by the cracking process and results in
high SOx emissions that would otherwise have to be controlled by scrubbers — the FCC feed
hydrotreaters may prevent the need to add a scrubber. Also, FCC feed hydrotreaters remove
sulfur which can allow a refinery to comply with gasoline sulfur standards.

FCC Postreat Hydtrotreater “B”

Postreat hydrotreaters solely hydrotreat the naphtha that is produced by the FCC unit to
reduce its sulfur level which enables compliance with gasoline sulfur standards. The FCC
naphtha is high in olefins, which can be saturated by postreat hydrotreaters, resulting in lower
octane of the FCC naphtha. Vendor companies have developed postreat hydrotreating
technologies that minimize this octane loss.

Distillate Hydrotreater

The purpose of the distillate hydrotreater is to reduce the sulfur of distillate, which is also
called diesel fuel.

Gas Plant

The purpose of the gas plant is to use a series of distillation towers to separate various
light hydrocarbons for further processing in the alkylation or polymerization units or for sale.

Alkylation Unit

The purpose of the alkylation unit is to chemically react light hydrocarbons together to
produce a high quality, heavy gasoline product. Alkylation uses sulfuric or hydrofluoric acid as
catalysts to react butylene or propylene together with isobutane. Following the main reaction
and product separation, the finished alkylate is sent to gasoline blending. Alkylate is low in
RVP.



Polymerization Unit

The purpose of the polymerization unit is to react light hydrocarbons together to form a
gasoline blendstock. A polymerization unit, often referred to as a “cat poly” is somewhat similar
to an alkylation unit, in that both use light olefins to produce gasoline blendstocks. The feed is
generally propylene and/or butylene from the gas plant. The product, called polygas is sent to
gasoline blending.

Coker Unit

The purpose of the coker unit is to process vacuum tower bottoms (VTB) to coke and to
crack a portion to various lighter hydrocarbons. The hydrocarbons produced by the coker
include cracked gases, coker naphtha, coker distillate and gas oil. The gas is fed to the gas plant,
the naphtha to the naphtha hydrotreater after which the heavy coker naphtha is typically fed to
the reformer, and the distillate either to distillate hydrotreating or to the hydrocracker.

Hydrocracker

The purpose of the hydrocracker is to crack and “upgrade” the feedstock into higher
value products. The feedstock to the hydrocracker is usually light cycle oil (LCO) and coker
distillate, poor quality distillate blendstocks, which are upgraded to diesel fuel, or cracked to
gasoline. Heavier hydrocarbons such as AGO and HVGO can be feedstocks as well.

A more complete description for naphtha hydrotreating is contained in Section 4.2.

4.2 Feasibility of Removing Sulfur from Gasoline

The case that it is feasible to comply with the 10 ppm gasoline sulfur standard can be
made in two ways. First, feasibility can be demonstrated because there are available
technologies that are currently available to achieve significant reductions in gasoline sulfur. A
discussion of these currently available technologies is contained below. Second, refiners in
California are already meeting a 10 ppm average, and certain countries or other regions are
currently complying with a 10 ppm gasoline sulfur cap standard. These two cases will be made
below, but first we will review the source of sulfur in gasoline to understand how sulfur levels
can be further reduced.

4.2.1 Source of Gasoline Sulfur

Sulfur is in gasoline because it naturally occurs in crude oil. Crude oil contains anywhere
from fractions of a percent of sulfur, such as less than 500 ppm (0.05 weight percent) to as much
as 30,000 ppm (3 percent). The average amount of sulfur in crude oil refined in the U.S. is about
14,000 ppm. Most of the sulfur in crude oil is in the heaviest part, or in the heaviest petroleum
compounds, of the crude oil (outside of the gasoline boiling range). In the process of refining
crude oil into finished products, such as gasoline, some of the heavy compounds are broken up,
or cracked, into smaller compounds and the embedded sulfur can end up in gasoline. Thus, the



refinery units which convert the heavy parts of crude oil into gasoline are the units most
responsible for putting sulfur into gasoline.

The fluidized catalytic cracker (FCC) unit is a refinery processing unit that creates FCC
naptha, which is a high sulfur content gasoline blendstock. FCC naphtha contains from hundreds
to several thousand parts per million of sulfur. The FCC unit cracks large carbon molecules into
smaller ones and produces anywhere from 25 to 50 percent of the gasoline in those refineries
with FCC units. Because the FCC unit makes a gasoline blendstock out of the heavier, higher
sulfur-containing compounds, more than 95 percent of sulfur in gasoline blendstocks comes from
streams produced in that unit. For compliance with the 30 ppm Tier 2 gasoline sulfur standard
refiners reduced the sulfur content of the FCC naphtha. The impact of this action is described
below in subsection 4.2.2.

Straight run naphtha is a gasoline blendstock which contains a moderate amount of
sulfur. Straight run naphtha is the part of crude oil, which after distillation in the atmospheric
crude oil tower, falls in the gasoline boiling range. The heaviest portion of straight run, which
would have more sulfur, is normally desulfurized and reformed in the reformer (to improve its
octane), so its contribution to the gasoline pool is virtually nil.* The light straight run naphtha,
which contains the five-carbon hydrocarbons, contains on the order of 100 ppm sulfur and if this
material is not hydrotreated and processed in an isomerization unit, it is blended directly into
gasoline.

Another refinery unit which produces naphtha with a significant amount of sulfur is the
coker unit. These units produce coke from the heaviest part of the crude oil. In the process of
producing coke, a naphtha is produced that contains more than 3,000 ppm sulfur and many very
unstable olefins. Because this stream is highly olefinic and unstable, refiners tend to hydrotreat
coker naphtha. Coker naphtha is normally split into two different streams. The six- to nine-
carbon hydrocarbons are hydrotreated along with the rest of the heavy naphtha and fed to the
reformer. The five-carbon hydrocarbon part of coker naphtha is called light coker naphtha and
usually contains on the order of several hundred parts per million sulfur. Light coker naphtha is
usually hydrotreated along with the light straight run, and refined further in an isomerization unit
if the refinery has one.

Other gasoline blendstocks contain little or no sulfur. Alkylate, which is produced from
isobutene and butylenes that contain a small amount of sulfur, can end up with a small amount of
sulfur. Most refineries have less than 15 ppm sulfur in this pool, however, some refineries which
feed coker naphtha to the alkylate plant can have much more. On average, alkylate probably has
about 10 ppm sulfur. One more gasoline blendstock with either very low or no sulfur is
hydrocrackate, which is the naphtha produced by hydrocrackers. It is low in sulfur because the
hydrocracking process removes the sulfur. Ethanol, which is eventually blended into gasoline
usually has very little or no sulfur. However, the hydrocarbon used as a denaturant and blended
with ethanol at 2 percent is usually natural gasoline, a C5 to C7 naphtha from natural gas

A Sulfur interferes in the function of the precious metal catalyst used in the reforming process. As a result, refiners
historically have desulfurized the heavy straight run naphtha feed to the reformer from several hundred ppm sulfur
down to less than 1 ppm.



processing, and it contains anywhere from a few parts per million to a couple hundred parts per
million sulfur. After the denaturant is blended in, the denatured ethanol contains somewhere
between 0 and 10 ppm sulfur. To meet current pipeline and California specifications, denatured
ethanol must contain less than 10 ppm sulfur.

4.2.2  Complying with the Current Tier 2 Gasoline Sulfur Standard

It is important to understand the steps that refiners took to comply with the 30 ppm Tier 2
gasoline sulfur standard because those capital investments and operational changes will play a
major role in determining the steps that refiners take to comply with a more stringent gasoline
sulfur standard.

The Tier 2 sulfur standard was promulgated February 10, 2000.%> The sulfur standard
requires that refiners reduce their annual average gasoline sulfur levels down to 30 ppm and each
gallon of gasoline cannot exceed a per-gallon standard of 80 ppm. The sulfur standards were
phased in from 2004 to 2006. The compliance deadline for western refiners (GPA) and small
refiners were delayed until 2008. Some small refiners also had their gasoline sulfur deadlines
extended through 2010 if they met the compliance deadline for the highway diesel fuel sulfur
rule. As ofJanuary 1, 2011, all refineries are complying with the Tier 2 30 ppm sulfur standard.

A refinery’s previous average gasoline sulfur level is an important factor which
determined whether a refiner would need to make a substantial capital investment to meet the
Tier 2 gasoline sulfur standards. We believe that refiners with low gasoline sulfur levels to begin
with (i.e., gasoline sulfur levels lower than about 50 ppm) probably did not invest in expensive
capital. These refineries have very low sulfur levels due to one or more of a number of possible
reasons. For example, some of these refiners may not have certain refining units, such as either a
FCC unit or a coker, which convert heavy boiling stocks to gasoline. As described above, these
units push more sulfur into gasoline and their absence means much less sulfur in gasoline.
Alternatively, these refiners may either use a very low sulfur (sweet) crude oil which can result
in a low sulfur gasoline, or have already installed an FCC feed hydrotreater, which uses a
heavier, higher sulfur (more sour) crude oil, to improve the operations of their refinery. As
described above, this unit removes much of the sulfur from the heaviest portion of the heavy gas
oil before it is converted into gasoline.

Of the refiners that already had low sulfur levels prior to Tier 2, the refineries with
average sulfur levels below 30 ppm may not have had to do anything to meet the Tier 2
standards. On the other hand, refineries with sulfur levels above 30 ppm but below about 50
ppm, probably are meeting the 30 ppm sulfur standard by employing operational changes only
and avoided making capital investments. Most refineries with gasoline sulfur levels below 50
ppm prior to the Tier 2 investments either do not have a FCC unit, or if they do, probably also
have an FCC feed hydrotreating unit.

The vast majority of gasoline that was being produced prior to the inception of the Tier 2
program was by refineries with higher sulfur levels. These refiners had to either adapt some
existing hydrotreating unit or install new capital equipment in these refineries to meet the Tier 2
gasoline sulfur standards. As stated above, the FCC unit is responsible for most of the sulfur in
gasoline. Thus, investments for desulfurizing gasoline involved the FCC unit to maximize the
sulfur reduction, and to minimize the cost of compliance with Tier 2. These desulfurization units
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were installed for treatment of either the gas oil feed to the FCC unit, or the gasoline blendstock
that is produced by the FCC unit. Each method has advantages and disadvantages.

4221 Using FCC Feed Pretreat Hydrotreating to Comply with Tier 2

Some refiners installed FCC feed hydrotreaters (also known as pretreaters) at their
refineries to comply with the Tier 2 gasoline sulfur standards. FCC pretreaters treat the vacuum
gas oil, heavy coker gas oil and, in some cases, atmospheric residual feed to the FCC unit using a
hydrotreater or a mild hydrocracker. These units are designed to operate at high pressures and
temperatures to treat a number of contaminants in the feed. Besides sulfur, FCC pretreaters also
reduce nitrogen and certain metals such as vanadium and nickel. These nonsulfur contaminants
adversely affect the FCC catalyst, so the addition of this unit would improve the functioning of
the unit. Also, because hydrotreating which occurs in the FCC pretreater reacts hydrogen in the
feedstock, it increases the yield of the FCC unit, increasing the production of high profit-making
products, such as gasoline and light olefins.” While FCC pretreaters provide yield benefits that
offset the capital costs of adding this type of desulfurization, the costs are still high enough that
many refiners would have a hard time justifying the installation of this sort of unit. For a
medium to large refinery (i.e., 150,000-200,000 BPCD), the capital costs may exceed $250
million. Because of the higher temperatures and pressures involved, utility costs are expensive
relative to postreat hydrotreating as explained below. Using FCC feed pretreating also allows
refiners to switch to a heavier, more sour crude oil. These crude oils are less expensive per-
barrel and can offset the increased utility cost of the FCC pretreater, providing that the
combination of reduced crude oil costs and higher product revenues justify the switch. Another
benefit for using FCC pretreaters is that the portion of the distillate pool that comes from the
FCC unit would be partially hydrotreated as well. This distillate blendstock, termed light cycle
oil, comprises a relatively small portion of the total distillate produced in the refinery (about 20
percent of on-road diesel comes from light cycle oil), and like FCC naphtha, light cycle oil
contributes a larger portion of the total sulfur which ends up in distillate. Thus, FCC pretreaters
would also help a refiner meet the 15 ppm highway and nonroad diesel fuel standards.

In terms of desulfurization capability, FCC pretreaters have different abilities to remove
sulfur from the gas oil feed depending on the unit pressure. FCC pretreaters can be subdivided
into high pressure units (1400 psi and above), medium pressure units (900 to 1400 psi), and low
pressure units (under 900 psi). High pressure FCC pretreaters typically remove about 90 percent
of the sulfur contained in the gas oil feedstock to the FCC unit, while low and medium pressure
units typically remove 65 to 80 percent of the feed sulfur.* We are aware of at least 5 refineries
in the U.S. that use high pressure FCC pretreaters. Because there is no postreating at many of
the refineries with FCC pretreaters, control of the feed to these units is a critical determining
factor for how well the FCC pretreater will function as desulfurizers. If the feed becomes too
heavy (due to a higher temperature endpoint), there would be a higher concentration of sulfur
and other contaminants in the feed. To maintain the same sulfur level in the FCC naphtha, the
FCC pretreater unit would have to be operated at a higher temperature which causes the catalyst
to lose its effectiveness more quickly.’

FCC pretreaters improve desulfurization indirectly by improving the desulfurization
performance of the FCC unit itself. When FCC units crack the vacuum gas oil into naphtha,
about 90 percent of the sulfur is typically cracked out of the hydrocarbons converted to FCC
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naphtha (or the FCC naphtha contains only about 10 percent of the sulfur present in the feed) and
is removed as hydrogen sulfide. When FCC pretreaters are used, the amount of sulfur in the
feed, which ends up in the FCC naphtha, is only about 5 percent. This means that about 95
percent of the sulfur in the feed is removed from the FCC feed when it is cracked into FCC
naphtha. This is due to the additional hydrogen in the pretreater, which reacts with the feed
hydrocarbons. With more hydrogen molecules available in the feedstock after hydrotreatment,
the FCC cracking reactions can react more hydrogen with the sulfur contained in the feed to
produce more hydrogen sulfide.

For complying with Tier 2, refiners with existing pretreaters or those that installed high
pressure FCC pretreaters were able to comply with the 30 ppm sulfur standard without the need
to install a FCC naphtha hydrotreater. Refineries that had either a low pressure, or medium
pressure FCC feed hydrotreater were generally less able to comply with the 30 ppm gasoline
sulfur standard with the FCC hydrotreater by itself, and were more likely to also install an FCC
postreater.

4222 Using FCC Naphtha Postreat Hydrotreating to Comply with Tier 2

A less capital intensive alternative for reducing FCC naphtha sulfur levels to comply with
Tier 2 is FCC naphtha hydrotreating (also known as postreaters). FCC postreaters only treat the
gasoline blendstock produced by the FCC unit. This unit is much smaller than an FCC pretreater
because only about 50 to 60 percent of the feed to the FCC unit ends up as FCC naphtha, a
gasoline blendstock. The unit is sometimes smaller still because some refiners which choose to
use a fixed bed hydrotreater may only treat the heavier, higher sulfur portion of that stream with
hydrotreating, and then treat the lighter fraction with another lower desulfurization cost
technology. FCC postreaters operate at lower temperatures and pressures than FCC pretreaters,
which further reduces the capital and operating costs associated with this type of desulfurization
equipment. Furthermore, because feed to the FCC unit has corrosive properties, FCC pretreaters
use more corrosion-expensive metallurgy, which is not needed for postreaters.® For a medium to
large-sized refinery, the capital costs are on the order of $70 million for a conventional FCC
postreater — about a third the cost of an FCC pretreater.

One disadvantage of this desulfurization method is that the octane value and/or some of
the gasoline yield may be lost depending on the process used for desulfurization. Octane loss
occurs by the saturation of high octane olefins which are produced by the FCC unit. Most of the
olefins are contained in the lighter fraction of FCC naphtha.” Increased olefin saturation usually
means higher hydrogen consumption. There can also be a loss in the gasoline yield caused by
mild cracking that breaks some of the gasoline components into smaller fractions which are too
light for blending into gasoline. If there is octane loss, the octane loss can be made up by
increasing the feed to or the severity of the reformer, the aromatics production unit of the
refinery, producing more alkylate, or purchasing high octane gasoline blendstocks (such as
reformate) which is routinely trading between refineries. Sometimes vendors of FCC pretreater
technologies design octane increasing capability into their designs, which is discussed below in
the section about the individual postreater technologies.

The loss of octane and gasoline yield caused by FCC postreating is lower with
technologies that were developed prior to the implementation of the Tier 2 program.® These
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processes are termed selective because they achieve the lower sulfur while preserving much of
the octane and gasoline yield (they were designed specifically for treating FCC naphtha). Octane
is preserved because the hydrotreating units and their catalysts are specially designed to avoid
saturating olefins. These selective processes, or parts of these processes, usually operate at less
severe conditions and result in less cracking and thus, preserve yield compared to conventional
hydrotreating processes. The less severe conditions also lower the capital and operating costs for
this process. The lower operating costs arise out of the reduced utility requirements (e.g., lower
pressure). For example, because these processes are less severe, there is less saturation of
olefins, which means that there is less hydrogen used. Less olefin saturation also translates into
less octane loss, which would otherwise have to be made up by octane boosting processing units
in the refinery. The lower capital and operating costs of these newer FCC postreaters are
important incentives for refiners to choose this desulfurization methodology over FCC
pretreaters. For this reason, refiners chose to use the more recently developed FCC postreaters
technologies for meeting the 30 ppm Tier 2 gasoline sulfur standard.

Not saturating the olefins to preserve octane and limit hydrogen consumption provides a
different challenge. During desulfurization, when the hydrogen sulfide is formed and there is a
significant concentration of olefins present, the hydrogen sulfide compounds tend to react with
the olefinic hydrocarbon compounds forming mercaptan sulfur compounds. This reaction is
called “recombination” because the removed sulfur recombines with the olefinic hydrocarbons
contained in the naphtha.” This is particularly a problem if the light cat naphtha is present in the
hydrotreater because the highest concentration of olefins is in the light cat naphtha. The
recombination reactions occur more readily if the hydrotreater is operated more severely (at a
higher temperature) to increase the sulfur removal, and the feed to the hydrotreater is high in
sulfur. However, while operating this type of hydrotreater more severely can result in the further
removal of the original sulfur present in the hydrocarbons, it also can result in the formation of
more recombination mercaptans that results in a “floor” reached for the amount of sulfur that can
be removed from the hydrocarbons. This cycle of increased sulfur removal and simultaneous
increase in recombination results in the saturation of more olefins and increases the consumption
of hydrogen. There are a number of different vendor-specific technologies that each vendor may
use to avoid or address recombination reactions as discussed below. It is important to note that
the technologies employed to reduce recombination may require the addition of some capital
costs which offsets some or perhaps all the capital cost savings due to the milder operating
conditions of these selective hydrotreater technologies compared to nonselective hydrotreating.

One means to achieve high levels of desulfurization while avoiding much of the problem
with recombination reactions is by using a two-stage hydrodesulfurization methodology. A two-
stage unit has two desulfurization reactors, but instead of just adding additional reactor volume,
the hydrocarbons exiting the first reactor are stripped of gaseous compounds (most importantly,
the hydrogen sulfide is removed), injected with fresh hydrogen, and then hydrodesulfurized
again in the second stage. Both reactors undergo modest desulfurization and hydrogen sulfide
concentrations remain sufficiently low to avoid recombination reactions. The disadvantage of
this approach is that the second stage incurs greater capital costs compared to single-stage
configurations. Because Tier 2 was not too constraining, we believe that refiners installed few, if
any, two-stage desulfurization units to comply with those gasoline sulfur standards.
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Whatever strategy chosen by the refiner to comply with Tier 2, a critical criterion was
that the postreater be capable of cycle lengths that match that of the FCC unit, which typically is
4 years. If the postreater were to require a catalyst changeout before the FCC unit requires a
shutdown, the refiner would either have to shutdown the FCC unit early to mirror that of the
postreater, or store the high sulfur FCC naphtha (this stream would be too high in sulfur to blend
directly to gasoline under the Tier 2 80 ppm cap standard) until the postreater was started up
again and is able to hydrotreat the stored up high sulfur FCC naphtha.

We know of six FCC postreater technologies that refiners used to comply with the Tier 2
gasoline sulfur standards. These are Axens (was IFP) Prime G and Prime G+, Exxon Scanfining,
CDTech’s CDHydro and HDS, Sinopec’s (was Phillips)S-Zorb and UOP’s ISAL and
Selectfining.

Axens Prime G+, Exxon Scanfining and UOP’s ISAL and Selectfining are all fixed bed
desulfurization technologies. These processes are called fixed bed because the catalyst resides in
a fixed bed reactor.'® The high sulfur gasoline blendstock is heated to a high temperature (on the
order of 600 degrees Fahrenheit) and pumped to a high pressure to maintain the stream as a
liquid. It is then combined with hydrogen before it enters the reactor. The reactions occur
within the bed of the catalyst. While the petroleum is in contact with the catalyst in the reaction
vessel, the sulfur reacts with hydrogen and is converted to hydrogen sulfide. Also, depending on
the process, some of the olefin compounds that are present in the cracked stream are saturated
which increases the amount of octane lost and hydrogen consumed. After the reactor, the
gaseous compounds, which include unreacted hydrogen, hydrogen sulfide, and any light end
petroleum compounds which may have been produced in the reactor by cracking reactions, are
separated from the liquid compounds by a gas/liquid separator. The hydrogen sulfide must be
stripped out from the other compounds and then converted to elemental sulfur in a separate
sulfur recovery unit. The recovered sulfur is then sold. If enough hydrogen is present, and it is
economical to recover, it is separated from the remaining hydrocarbon stream and recycled.
Otherwise, it i1s burned with light hydrocarbons as fuel gas.

Each of these fixed bed desulfurization technologies is somewhat different. Axens Prime
G+ desulfurization process largely preserves olefins as its strategy for diminishing octane
loss.'""*!* The Axens process employs a selective hydrogenation unit (SHU) as a first step. The
role of this unit is to saturate the unstable diolefin hydrocarbons in a hydrogen rich environment,
and react the light mercaptan and sulfide hydrocarbons together. The SRU also converts exterior
olefins to interior olefins, which results in a small increase in octane. The mild operating
conditions of the SHU tend to avoid the saturation of monoolefins. After exiting the SRU, the
FCC naphtha is sent to a distillation column which separates the light FCC naphtha (typically
comprising about one fourth of the total cat naphtha) from the heavy naphtha. Because the light
sulfur compounds were reacted together and those compounds no longer fall within the light cat
naphtha boiling range, the light cat naphtha is low in sulfur and can be blended directly into
gasoline. The heavy cat naphtha which is naturally high in sulfur and which also contains the
self-reacted light mercaptans and sulfides from the SHU, is sent to a fixed bed hydrotreater. The
fixed bed hydrotreater contains both cobalt-molybdenum and nickel-molybdenum catalyst. An
important way that Axens avoids recombination reactions is by separating the light sulfur
compounds from the light naphtha and keeping the light naphtha out of the fixed bed
hydrotreater. The desulfurized heavy cat naphtha is blended into the gasoline pool.
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If the feed to the Axens Prime G unit is very low in sulfur, a low capital investment
option was available to the refiner by feeding the entire FCC naphtha stream to the hydrotreating
reactor avoiding the SHU and splitter. This option trades lower capital cost with somewhat
higher octane loss and hydrogen consumption. Because of the low severity of the hydrotreating
reactor (low severity is possible because the lower amount of desulfurization that is occurring),
the amount of octane loss and hydrogen consumption is modest. There are more than 180 Prime
G+ units operating worldwide, and approximately 40 in the U.S.

The first step in Exxon’s fixed bed Scanfining process is to mildly heat the full FCC
naphtha and pass it through a small reaction vessel which reacts the diolefins to monoolefins.
161718 19 The full FCC naphtha is then heated further, injected with hydrogen gas and sent to the
fixed bed hydrotreating reactor, which is packed with a catalyst developed jointly between
Exxon and Akzo Nobel (now Albermele). If the degree of desulfurization is relatively modest,
the amount of recombination is low and the FCC naphtha is sent to gasoline blending. If,
however, the degree of desulfurization is higher (due to FCC naphtha with a higher sulfur
content), then there likely would be an excessive number of recombination reactions. In this
case, Exxon recommends either one of two different technologies to address the recombination
reactions. One technology is Zeromer. Zeromer is a fixed bed reactor vessel installed after the
main fixed bed hydrotreater reactor that specifically designed to hydrodesulfurize the mercaptan
sulfur from the FCC naphtha without saturating olefins.*® Another technology Exxon developed,
in conjunction with Merichem, is an extractive mercaptan removal technology named Exomer.
The Exomer technology differs from other sulfur extraction technologies in that it is capable of
extracting mercaptans from the entire FCC naphtha pool.?! Like Zeromer, the Exomer
technology would be an add-on technology installed after the Scanfining fixed bed reactor.

There are 16 Scanfining units operating in the U.S.

14 15

UOP has licensed two FCC naphtha hydrotreating technologies. When Tier 2 was being
phased-in, UOP was licensing a technology named ISAL developed by INTEVEP S.A.*** The
ISAL process is different from the other FCC naphtha hydrotreaters because instead of avoiding
the saturation of olefins as sulfur is being hydrotreated out of FCC naphtha, the ISAL process
completely saturates the olefins. To avoid a large octane loss, the ISAL process separates the
olefin-rich, light cat naphtha from the heavy cat naphtha. The light cat naphtha is treated by an
extractive desulfurization technology such as Merox which does not saturate olefins. Only the
heavy cat naphtha is sent to the ISAL reactor. To offset the octane loss caused by the saturation
of the olefins in the heavy cat naphtha as it is being desulfurized, the ISAL catalyst isomerizes
and conducts some mild cracking and reforming of the heavy cat naphtha. One downside of the
ISAL process is that, due to the complete saturation of olefins, the hydrogen consumption is
higher relative to the selective hydrodesulfurization technologies that avoid saturating olefins.

UOP has since developed and licensed a FCC naphtha desulfurization technology called
SelectFining.** SelectFining is a selective hydrodesulfurization technology that seeks to
minimize olefin saturation to minimize both octane loss and hydrogen consumption.
SelectFining treats the full FCC naphtha. The full range FCC naphtha is first sent to a diolefin
saturating reactor before being sent to the SelectFining reactor. SelectFining relies on its catalyst
design to selectively remove sulfur and prevent recombination reactions. UOP recommends a
two-stage reactor setup for high levels of desulfurization.

4-11



The next two FCC naphtha desulfurization technologies, CDTech and S-Zorb do not use
fixed bed reactors, but very different technologies which are also very different from each other.
Each will be discussed separately.

The CDTech process still uses the same type of catalyst used in fixed bed reactors.
However, it also utilizes catalytic distillation.”*** Catalytic distillation is a technology which
has been applied for a number of different purposes. CDTech is currently licensing the
technology to produce MTBE and selective hydrogenation processes, including FCC naphtha
desulfurization and benzene saturation. As the name implies, distillation and desulfurization, via
catalyst, take place in the same vessel. This design feature saves the need to add a separate
distillation column sometimes used with fixed bed hydrotreating. All refineries have a
distillation column after the FCC unit (called the main fractionation column) that separates the
FCC naphtha from the most volatile components (such as liquid petroleum gases), the distillate
or diesel (light cycle oil), and the heavy ends or residual oil. However, if a refiner only wishes to
treat a portion of the FCC naphtha, then a second distillation column would need to be added
after the main FCC fractionation column to separate out the portion of the FCC naphtha that he
wishes not to treat. With the CDTech process, the refiner can choose to treat either the entire
pool or a portion of the pool, but choosing to treat a part of the pool, thus negating any need for
an additional distillation column.

The most important portion of the CDTech desulfurization process is a set of two
distillation columns loaded with desulfurization catalyst in a packed structure. The first vessel,
called CDHydro, treats the lighter compounds of FCC gasoline and separates the heavier portion
of the FCC naphtha for treatment in the second column. The second column, called CDHDS,
removes the sulfur from the heavier compounds of FCC naphtha. All of the FCC naphtha is fed
to the CDHydro column. The five- and six-carbon petroleum compounds boil off and head up
through the catalyst mounted in the column, along with hydrogen which is also injected in the
bottom of the column. The reactions in this column are unique in that the sulfur in the column is
not hydrotreated to hydrogen sulfide, but they instead are reacted with dienes in the feed to form
thioethers. Their higher boiling temperature causes the thioethers to fall to the bottom of the
column. They join the heavier petroleum compounds at the bottom of the column and are sent to
the CDHDS column. Because the pressure and temperature of the first column is much lower
than conventional hydrotreating, saturation of olefins is reduced to very low levels. The olefin
saturation which does occur is necessary to eliminate diolefins. Thus, little excess hydrogen is
consumed. CDTech offers an option to refiners to put in an additional catalyst section in the
CDHydro column to increase octane. This octane enhancing catalyst isomerizes some of the
olefins, which increases the octane of this stream by about three octane numbers, and few of the
olefins are saturated to degrade this octane gain. The seven-carbon and heavier petroleum
compounds leave the bottom of the CDHydro unit and are fed into the CDHDS column. There,
the heavier compounds head down the column and the lighter compounds head up. Both
sections of the CDHDS column have catalyst loaded into them, which serve as hydrotreating
reaction zones. Similar to how hydrogen is fed to the CDHydro column, hydrogen is fed to the
bottom of the CDHDS column.

The temperature and pressure of the CDTech process columns are lower than fixed bed

hydrotreating processes, particularly in the upper section of the distillation column, which is
where most of the olefins end up. These operating conditions minimize yield and octane loss.
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While the CDTech process is very different from conventional hydrotreating, the catalyst used
for removing the sulfur compounds is the same. One important difference between the CDTech
process and conventional hydrotreating is that CDTech mounts its catalyst in a unique support
system, while conventional catalyst is usually dumped into the fixed bed reactor. CDTech has
13 CDHydro/CDHDS desulfurization units in operation in the U.S.

Phillips Petroleum Co. commercialized and licensed an adsorption desulfurization
technology called S-Zorb, which it sold to SINOPEC in 2007.%* *° S-Zorb uses a chemical
adsorption process, instead of hydrotreating, as the principal methodology for the removal of
sulfur from FCC naphtha. Adsorption has the benefit of operating at much lower pressure and
temperatures, which lowers operating costs. S-Zorb, uses two separate columns and is constantly
moving an adsorption catalyst from the reactor vessel to the regeneration column, and back
again.”® The untreated FCC naphtha and hydrogen are fed to the reaction vessel where the sulfur
is catalytically removed the sulfur from the petroleum compound and facilitated by the hydrogen
present in the reactor. The catalyst, which begins to accumulate the removed sulfur, is
transferred over to the regeneration column on a continual basis where the sulfur is removed
from the catalyst using hydrogen as the scavenging compound. Then the hydrogen disulfude is
converted to sulfur dioxide and sent to the sulfur recovery unit. Because the process still relies
upon catalytic processing in the presence of hydrogen, there is some saturation of olefins, with a
commensurate reduction in octane. Through a literature search, we believe that 7 S-Zorb
desulfurization units were originally licensed for Tier 2. Other sources indicated that only 4
units are actually operating today.

We also conducted a literature search and asked both refiners and vendors to identify the
FCC naphtha desulfurization technology that was installed at each refinery to enable compliance
with Tier 2. A summary of the total number of units by vendor and technology type is
summarized in Table 4-1.

Table 4-1 Estimated Number of FCC Desulfurization Technologies Installed to comply
with Tier 2 by Vendor Company or Technology

Axens |Exxon CDTech |Sinopec S- |UOP ISAL FCC Feed |No FCC
Prime G | Scanfining Zorb UQOP Selectfining | HT Unit
40 16 15 4 2 17 14

4.2.3 Meeting a 10 ppm Gasoline Sulfur Standard

To meet a 10 ppm average gasoline sulfur standard, we believe that the primary strategy
that refiners would adopt would be to further reduce the sulfur level of FCC naphtha. There are
three primary reasons why we believe this will be the primary strategy and therefore, used it for
analyzing the compliance costs for Tier 3. The first reason is that FCC naphtha is by far the
largest contributor of sulfur to the gasoline pool, by virtue of both its volume and sulfur content,
even after refiner’s use of hydrotreating to reduce the sulfur in the FCC naphtha to comply with
Tier 2. Table 4-2 below summarizes the estimated average volumes and average sulfur levels for
the primary blendstocks typically blended into gasoline for the current Tier 2 standards. By
using the refinery-by-refinery model to model today’s situation for the typical refinery, we
estimate that the FCC naphtha contains about 75 ppm for the typical refinery complying with the
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30 ppm Tier 2 sulfur standard and that gasoline blendstock typically contributes to about 34
percent of a refiner’s gasoline pool. Table 4-2 also summarizes the changes in gasoline
blendstock sulfur levels we believe would occur when complying with the 10 ppm gasoline
sulfur standard. Using the refinery-by-refinery model, we project that a 10 ppm gasoline sulfur
standard can be met by a typical refinery by reducing the sulfur level of FCC naphtha from about
75 ppm to 25 ppm. We believe that virtually all refineries that have an FCC unit would not be
able to comply with the proposed 10 ppm gasoline sulfur standard without further desulfurizing
the FCC naphtha. The second reason is that both vendors and refiners have told us that this is the
gasoline blendstock stream that they intend to address. Both vendors and refiners have explained
to us that, for most refineries, existing FCC naphtha hydrotreaters can be retrofitted with only a
modest capital cost to realize the sulfur reduction needed. Third, further reducing the sulfur of
the FCC naphtha as the means to comply with Tier 3 is supported by other cost studies. When
these studies assessed the costs for further reducing the sulfur levels of gasoline, they also
focused further reducing the sulfur levels of the FCC naphtha. See the subsection at the end of
Chapter 5 discussing these other cost studies.

Table 4-2 Estimated Typical Gasoline Blendstock Volumes and Sulfur Levels after Tier 2
and Complying with a 10 ppm Sulfur Standard

Gasoline 30 ppm Tier 2 Gasoline Sulfur 10 ppm Gasoline Sulfur Standard

Blendstock Standard
Volume Sulfur (ppm) Volume Sulfur (ppm)
(Percent) (Percent)

FCC Naphtha 37 75 36 25

Reformate 23 0.5 22 0.5

Alkylate 13 10 13 10

Isomerate 3 0.5 3 0.5

Butane 4 5 4 5

Light Straight Run | 5 15 5 5

Naphtha and

Natural Gas Liquids

Hydrocrackate 8 3 8

Ethanol 10 5 12.5 5

Coker Naphtha 1 2 1

Other Gasoline 1 10 1 1

Blendstocks

Total/Sulfur 100 30 100 10

Average

Reducing FCC naphtha from 75 ppm to 25 ppm would likely be accomplished in
different ways depending on the desulfurizing technology and configuration used for Tier 2, and
whether the current capital employed for lowering gasoline sulfur is severely taxed or not severely
taxed. For purposes of this discussion, we will discuss the likely steps taken to comply with Tier
3 based on whether a refiner solely used an FCC pretreater or FCC postreater to comply with Tier
2. While we provided an example for a typical refinery needing to reduce its FCC naphtha from
75 ppm to 25 ppm to enable compliance with Tier 2, refineries that are not typical would have
starting and ending sulfur levels that are different from this example. Despite these differences,
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we believe that every refinery can physically comply with a 10 ppm gasoline sulfur standard.
This is because there are no technical difficulties removing sulfur from gasoline - the challenge is
to comply while minimizing the cost of doing so, such as by minimizing the associated octane
loss and by taking advantage of the flexibilities provided to comply. The cost analysis, reflecting
the ability for refineries to comply though the use of the averaging banking and trading provisions
is discussed in Chapter 5 of this RIA. Section 4.2.3.5 below also discusses the importance of the
averaging, banking and trading program.

The one exception is the case where a refinery does not have an FCC unit. Refineries in
this situation would likely already be producing gasoline which is 10 ppm or below. If such a
refinery’s gasoline is above 10 ppm, then the refiner would need to address one or more of
several different gasoline blendstocks, including light straight run and natural gas liquids. Our
discussion on treatment of other gasoline streams can be found in Section 4.2.3.3.

4231 Meeting 10 ppm if Refiners Used an FCC Feed Pretreater to Comply with
Tier 2

Refiners that relied on an FCC pretreater to comply with Tier 2 at a refinery would likely
only be able to achieve 10 ppm sulfur gasoline if its FCC pretreater is a high pressure unit.*! *2
This is because most refineries that have FCC pretreaters process sour crude oils and if the unit is
a mid or low-pressure unit, the unit pressure would likely be too low to sufficiently desulfurize
the FCC feed. This may be true even if the refiner added reactor volume to its existing low or
medium pressure FCC pretreater, which does cause additional desulfurization. Mid and low
pressure FCC pretreaters just cannot remove enough of the sulfur in the gas oil feed to the FCC
unit to achieve adequately low sulfur levels in the FCC naphtha. If a refinery processes
moderate to low sulfur crude oil and has a low to mid-pressure FCC pretreater, however, it may
be able to achieve an adequate degree of desulfurization in the FCC naphtha to enable the refiner
to reduce its gasoline sulfur down to 10 ppm. If a refinery cannot achieve a sufficient level of
desulfurization with its current or revamped FCC pretreater to comply with a 10 ppm gasoline
sulfur standard, then the refiner will have to install a grassroots FCC postreater. Alternatively,
refiners in this situation would be in the best situation to take advantage of the averaging,
banking and trading program (ABT). Using the ABT provisions to its advantage, the refiner
would achieve the most desulfurization that it can with its existing FCC pretreater (perhaps 20
ppm sulfur gasoline), and then would purchase credits to demonstrate the remainder of its
compliance with the 10 ppm gasoline sulfur standard. Such a refiner would then avoid the need
to install an expensive grassroots FCC postreater.

While they are expensive to install, FCC pretreaters provide important operating cost
advantages over postreaters. An important advantage of FCC pretreating is that it occurs
upstream of the FCC unit and therefore, does not jeopardize the octane value of the olefins
produced in the FCC unit. Another advantage of the FCC pretreater is that it tends to increase
the yield of naphtha from the FCC unit, which improves operating margins for the refinery with
such a unit. Thus, refiners that are able to use FCC pretreaters to comply with the Tier 3 sulfur
standard would likely yield a further return on any investment made, and offset some if not all of
the increased operating costs incurred.
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A downside to solely relying on FCC pretreating to comply with Tier 3 is that a refinery
has less operational flexibility. An FCC feed hydrotreater must be shutdown every one to three
years to change out the catalyst, which is usually more often than when the FCC unit is
shutdown. During the shutdown of the FCC pretreater, if the FCC unit remains operational a
refiner has to figure out what to do with its high sulfur FCC naphtha (the refiner could blend up
gasoline without FCC naphtha). For this reason, refiners that are complying with Tier 2 by
solely relying on an FCC pretreater may choose to either install a grassroots postreater instead to
comply with Tier 3, or purchase credits.

The refiners most likely to rely on FCC pretreater to comply with Tier 3 are those with
high pressure FCC pretreaters. As noted earlier, there are likely only 5 refineries have high
pressure FCC pretreaters in the U.S. More refiners with FCC pretreaters may be able to comply
with the Tier 3 standards using just their FCC pretreater, however, if they undercut the FCC
naphtha into the diesel pool. The sulfur reduction in the FCC naphtha caused by undercutting
would enable refiners to rely on lower pressure FCC pretreaters to comply with Tier 3, while
also increasing diesel supply.

4.2.3.2  Meeting 10 ppm if Refiners Used an FCC Postreater to Comply with Tier 2

If a refiner installed an FCC postreater to comply with the Tier 2 gasoline sulfur standard,
there are several considerations about the current configuration of the postreater which would
affect how a refiner would use this unit to comply with a 10 ppm gasoline sulfur standard. EPA
considered the issue of the degree of desulfurization the postreater is currently facing. In doing
so, EPA analyzed several examples to understand the types of revamps and associated
investments that might occur for such refiners.

For the first example, if the refinery is refining a very sour (high sulfur) crude oil and the
sulfur of the FCC naphtha exiting the FCC unit is 2,400 ppm, the postreater is currently
removing almost 97 percent of the feed sulfur. This assumes that the sulfur level of the FCC
naphtha exiting the postreater is 75 ppm, which is a very high level of desulfurization. When
attempting to achieve further sulfur reduction in the FCC naphtha, the refiner must be concerned
about the increased occurrence of recombination reactions and the potential for much more
octane loss and hydrogen consumption. This refiner would strongly consider adding a second
stage, which may actually reduce the level of recombination reactions and the octane loss
currently experienced by the postreater. Most of the vendors offer a second stage option. In the
case of CDTech, they call the second reactor, added as part of its second stage, a polishing
reactor. We contacted the desulfurization engineer at Sinopec who explained that these units
could be turned up and that no additional capital investments would be needed (though there are
additional operating costs). A Conoco-Phillips hydrotreating specialist we spoke to confirmed
that this would be the strategy for their S-Zorb units. We also considered an additional option of
the refiner is interested in improving its operating margins such as increased gasoline production,
and has ample capital dollars to spend. Such a refiner could add an FCC feed hydrotreater to
increase its yield of FCC naphtha, or a mild hydrocracker to increase its production of low sulfur
distillate.

In contrast, if a refiner is processing a very sweet (low sulfur) crude oil, the sulfur level
exiting the FCC unit may be as low as 300 ppm, and under Tier 2, the level of desulfurization
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necessary to bring that stream down to 70 ppm is about 81 percent which is a very modest level
of desulfurization. Similarly, a refinery processing a moderately sour crude oil with a medium
pressure FCC feed hydrotreater could be in a similar situation. The refineries in this situation
could have a lot more capacity in their existing postreaters to achieve lower sulfur without
additional capital cost investments. However, many refiners in this situation which invested in
an FCC postreater for Tier 2 may have minimized their capital investments. For example, a
refiner may have avoided the capital and operating cost of a splitter with its postreater by
hydrotreating the full range FCC naphtha. Therefore, the increased severity of the postreater
needed to achieve 20 ppm in the FCC naphtha to meet a 10 ppm gasoline sulfur standard might
create a larger octane loss and higher hydrogen consumption than what the refinery could easily
provide without a significant additional capital investment. In this case, the refiner can invest
some capital in the postreater to minimize the increase in octane loss and hydrogen consumption.
For example a refiner with an Axens unit in this situation could add the SHU and a splitter. A
refiner with a Scanfining unit in this situation wishing to minimize the octane loss and hydrogen
consumption could add a Zeromer or an Exomer unit. Alternatively, if the refiner is processing a
moderately sour crude oil and has a moderate pressure FCC feed hydrotreater, the refinery may
choose instead to revamp the FCC feed hydrotreater for its operational benefits rather than
revamp the postreater.

We also considered a third example where a refiner with a postreater has FCC gasoline
exiting the FCC unit at 800 ppm. This is probably most typical of a refinery processing either
crude oil containing an average amount of sulfur, or, perhaps a refinery refining a very sour
crude oil but treating the vacuum gas oil with a low pressure FCC feed hydrotreater. The current
FCC naphtha hydrotreater would be achieving about 90 percent desulfurization when producing
FCC naphtha with 80 ppm sulfur. In looking to reduce the FCC naphtha down to 20 ppm to
comply with a 10 ppm sulfur standard, such a refiner would not likely consider adding a second
stage reactor. This is because avoiding both increased octane loss and hydrogen consumption for
the additional increment of sulfur reduction would probably not justify the capital costs
associated with a second stage reactor. Instead of a second stage reactor, a refiner could revamp
the existing FCC postreater with additional reactor volume, or add capital for addressing
recombination reactions, both likely to be a lot less capital intensive than a second stage. A no
investment option is possible for refiners in this situation, although the increase in octane loss
and hydrogen consumption is likely to be significant.

The most important part of an FCC hydrotreater is likely the catalyst used in the unit.
Due to continuing research, catalysts are constantly being developed which are more active, thus
achieving greater desulfurization at a lower temperature, and minimizing octane loss and
hydrogen consumption due to lower olefin saturation. When the Tier 2 naphtha desulfurizers
were being put into service the most recent catalysts were likely used in those units. These
catalysts can be changed when a postreater is undergoing regular maintenance, and new and
improved catalysts can be used to improve the desulfurization capacity of the unit. If refiners
need to reduce their gasoline sulfur levels to 10 ppm gasoline, they would be expected to
upgrade to the most recent catalyst to minimize their costs. Using the most active catalyst
available would reduce the capital cost that would need to be incurred and reduce the hydrogen
consumption and octane loss that would otherwise occur. We are aware of newer lines of more
active catalysts being marketed by Axens and UOP. It is likely that since the time catalysts were
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loaded into FCC postreaters to comply with Tier 2 all vendors are now offering improved
hydrotreating catalysts.

4233 Desulfurizing Other Blendstocks

A more stringent gasoline sulfur standard could require refiners to address other gasoline
streams with high enough in sulfur content to be a concern to the refiners when complying with
Tier 3. This is because without addressing such gasoline streams, the refiner would have to
reduce their FCC naphtha even lower in sulfur resulting in high per gallon costs at the lower
sulfur levels. The gasoline streams that we have identified that could require additional
desulfurization include light straight run naphtha and natural gas liquids.

Light straight run naphtha (LSR) is naturally occurring in the crude oil and is
desulfurized at many refineries before it is sent to an isomerization unit. However, a number of
refineries do not have isomerization units and therefore, some or perhaps many of these
refineries may not be treating this stream today. Natural gas liquids (also termed pentanes plus)
are naphtha streams sourced from natural gas wells, which are purchased by refiners, and
blended into the gasoline pool. Depending on the source of the specific naphtha stream being
purchased, these streams could vary widely in gasoline sulfur, ranging from a few ppm sulfur up
to several hundred ppm sulfur.

Refiners have multiple options for addressing the sulfur levels of these various streams.
The LSR and natural gas liquids can be hydrotreated in either the FCC postreaters or the naphtha
hydrotreaters. Because these naphtha streams do not have any olefins, there is essentially no
octane loss and, therefore, hydrogen consumption is lower compared to hydrotreating FCC
naphtha. Another way of treating these streams would be to use caustic extraction to extract the
mercaptan sulfur from these streams. Since only the mercaptans are removed with the extraction
technology, the final sulfur level would not be as low compared to desulfurization using
hydrotreating. If the crude oil that is being refined by a particular refinery is low in sulfur, the
refiner would likely only need to use extractive desulfurization to ensure that the sulfur in the
LSR is adequately low under Tier 3. Finally, the refiner could choose to simply not purchase the
natural gas liquids and sell the LSR on the open market as opposed to treating these streams. If a
refiner decides to not treat the LSR or natural gas liquids, other refiners with excess capacity in
their FCC postreaters or naphtha hydrotreaters could purchase that volume, treat these streams
and blend the volume into their gasoline pool.

For the NPRM, we did not know whether butane being blended by refiners still has high
sulfur content and if refiners would need to treat it under Tier 3. We therefore assumed that
some refiners might have to treat butane using extractive desulfurization licensed by UOP
(Merox) or Merichem. A vendor we spoke to explained that almost all butane is being treated
today using extractive desulfurization and the final sulfur level is under 5 ppm.

In summary, to comply with a 10 ppm gasoline sulfur standard, refiners have a range of
options available to them that mostly involve reducing the sulfur content of the FCC naphtha. If
a refinery has a high pressure FCC pretreater, the refiner may be able to turn up the hydrotreating
severity of that unit. If a refinery has a low or medium pressure FCC pretreater and no
postreater, the refinery would likely need to either install a grassroots FCC postreater to comply
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with a 10 ppm gasoline sulfur standard, or reduce sulfur as much as possible with its current
capital and rely on the ABT program for the remainder. Refiners with FCC postreaters have
multiple options. If a refinery is short on octane and hydrogen, the refiner is likely to invest in
capital (e.g., a second stage reactor) to avoid as much octane loss and hydrogen consumption as
possible. However, if the refiner has a lot of excess octane and hydrogen, the refiner may choose
to avoid any capital cost investments or only make small capital investments and tolerate the
higher octane loss and hydrogen consumption by simply turning up the severity of its current
FCC postreater. Refineries with postreaters could always invest in an FCC pretreater
(hydrotreater or mild hydrocracker) to improve margins or produce more low sulfur diesel fuel.
Finally, in blending up their gasoline, some refiners may still be blending in some produced or
purchased gasoline blendstocks with high enough sulfur levels to be of concern when faced with
the Tier 3 sulfur standard. Several options exist for addressing the sulfur in these gasoline
blendstocks.

It should be noted that the preceding is EPA’s best assessment of the steps refiners would
have to take to comply with Tier 3. Refiners may choose to pursue alternative strategies that
further other business objectives and also enable compliance with Tier 3 (e.g., installation of
hydrocrackers, conversion of FCC feed hydrotreaters to mild hydrocrackers). It is not possible
for EPA to project such alternative strategies on a refinery-by-refinery basis. While such
alternative strategies may be triggered by or timed with actions to comply with Tier 3, they are
not, and should not be, considered to be Tier 3 compliance actions.

4234 Demonstrated Compliance with a 10 ppm Gasoline Sulfur Standard

Currently, there are multiple cases of refiners complying with 10 ppm or lower gasoline
sulfur programs. The State of California requires gasoline sold in the State to meet a 15 ppm
gasoline sulfur standard on average and a 20 ppm cap (California gasoline’s per-gallon sulfur cap
dropped to 20 ppm on January 1, 2012). Furthermore, refiners can produce gasoline which
varies in composition, provided that the California Predictive Emissions Model (which, like
EPA’s Complex Model, estimates vehicle emissions from fuels of varying composition)
confirms that the proposed fuel formulation meets or exceeds the emissions reduction that would
occur based on the default fuel requirements. California refineries are using the flexibility
provided by the Predictive Model to surpass the prescriptive standards for gasoline sulfur and are
producing gasoline which contains around 10 ppm sulfur on average. They are making this very
low sulfur gasoline despite using Californian and Alaskan crude oils which are heavier and more
sour than most other crude oils being used in the U.S. today. Thus, the experience in California
demonstrates that commercial technologies already exist to permit refiners to produce very low
sulfur gasoline.

Japan currently has a 10 ppm gasoline sulfur cap that took effect January 2008. Europe
also has a 10 ppm sulfur cap that has been adopted by the 30 Member States that comprise the
European Union (EU) and the European Free Trade Association (EFTA) as well as Albania and
Bosnia-Herzegovina. Under a 10 ppm cap standard, the gasoline sulfur level likely averages
about 5 ppm. Although gasoline in Japan and Europe is made from different crude oil sources
and much of the heavier ends are cut into diesel fuel, these international fuel programs (along
with California) provide evidence that advanced gasoline desulfurization technologies have been
deployed and are readily available enable compliance with the proposed Tier 3 fuel program.
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4235 Improved Feasibility with the ABT Provisions

The averaging, banking and trading (ABT) and small refiner and small volume refinery
aspects of the proposed Tier 3 gasoline sulfur program would ease the feasibility of compliance
with the program. In the absence of the small refiner and small volume refinery provisions, all
refineries would have to comply with the 10 ppm gasoline sulfur standard by January 1, 2017.
Most refiners would have to make capital investments in their refineries to enable compliance
with the 10 ppm gasoline sulfur standard by this date. These investments include revamped FCC
pretreaters and postreaters, and the installation of grassroots FCC postreaters. As described
above, reaching 10 ppm sulfur in the gasoline pool is feasible by each refinery. However,
refiners assess the economic feasibility of their refineries differently depending on past and
expected future economic performance. They therefore have different tolerances for making
capital investments and absorbing increased operating costs. This is particularly true when
gasoline demand is projected to be flat and renewable fuel blending is expected to increase.
Refiners who own small refineries are concerned about the higher per-barrel costs for the capital
installed at those small refineries.

The small refiner and small volume refinery provisions will delay compliance for these
entities until January 1, 2020. Small refiners need more time because they have smaller
engineering staffs that they can dedicate to oversee the necessary refinery changes, thus they are
more likely to complete the necessary changes to their refineries later than large refiners. The
banking provisions of the ABT program effectively phase in the sulfur standard over six years
starting in 2014 through the end of 2019. The phase-in allows refiners to stagger their
investments to their economic advantage. Refineries that are expected to incur the lowest costs
for achieving lower gasoline sulfur levels can comply early and earn sulfur credits. These credits
can then be used to demonstrate compliance starting in 2017 by refineries that are expected to
incur higher costs for reducing their gasoline sulfur levels allowing those refineries to delay
investments for lowering their gasoline sulfur. This phase-in of the gasoline sulfur standard will
help spread out the various aspects of the construction process by the US refining industry
complying with the sulfur standard including: the preliminary design demands on the vendor
companies that license the desulfurization technology to refiners, the detailed design demands on
the engineering companies that provide that service to refiners, the permitting demands on the
states that must provide environmental permits to refiners, and the demands on the fabrication
shops that construct the reactors and other major hardware which must be installed at refineries
to realize the gasoline sulfur reductions. For more on how the proposed ABT provisions are
expected to help with lead time, refer to Section 4.3.

Finally, the averaging provisions of the ABT program will provide additional flexibility
and help to reduce the costs of the gasoline sulfur program. The averaging provisions will allow
refiners to reduce the gasoline sulfur levels to under 10 ppm at their lower cost refineries and
generate credits to sell to refiners who would purchase the credits for higher cost or financially
challenged refineries.

4.2.3.6 Implications of an Average Gasoline Sulfur Standard Less than 10 ppm

Although a more stringent sulfur standard than 10 ppm would increase the emission
benefits of Tier 3, there are practical reasons for finalizing a 10 ppm annual average sulfur
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standard instead of a more stringent standard, e.g., 5 ppm or even a 10 ppm cap imposed in parts
of Europe and in Japan. The lower the sulfur standard, the more costly it is for refiners to
achieve the lower sulfur standard, and a 5 ppm average standard is much more costly than a 10
ppm average standard. We identified several reasons why the costs increase so much for more
deeply desulfurizing the gasoline pool.

First, as desulfurization severity increases, the operating and capital costs associated with
desulfurizing FCC naphtha also increases. FCC naphtha is very rich in high-octane olefins. As
the severity of desulfurization increases, more olefins are saturated, further sacrificing the octane
value of this stream and further increasing hydrogen consumption. Also, as desulfurization
severity increases, there is an increase in the amount of the removed sulfur (in the form of
hydrogen sulfide) which recombines with the olefins in the FCC naphtha, thus offsetting the
principal desulfurization reactions. There are means to deal with the recombination reactions;
however, this probably means either higher hydrogen consumption and octane loss, or greater
capital investments. For example, the most expensive capital investment for an FCC postreater
is a two stage desulfurization unit. A sulfur standard less than 10 ppm would likely require more
refiners to invest in a second stage for their FCC postreater.

Second, as shown in Table 4-2, other refinery streams contain very modest amounts of
sulfur, yet a 5 ppm sulfur standard would likely require desulfurization of some of these streams.
Because refineries have different sulfur levels in their non-FCC streams based on their feedstock
sulfur levels and their configurations, those with higher sulfur levels in other refinery streams
may have to desulfurize additional streams. Each additional individual gasoline stream that
requires desulfurization is incrementally a lot more expensive than addressing the sulfur from the
FCC unit because more volume has to be processed. The amount of sulfur reduction is a lot
lower, and the capital costs are higher on a per-barrel basis for lower volume gasoline blendstock
streams.

Third, further desulfurization of gasoline down to 5 ppm essentially removes the
flexibility offered by the 10 ppm gasoline sulfur standard with the ABT program. Each U.S.
refinery is in a different position today, both technically and financially, relative to the other
refineries. In general, they are configured to handle the different crude oils they process and turn
their crude oil slate into a widely varying product slate to match their available markets. Those
processing heavier, sour crudes would have a more challenging time reducing gasoline sulfur
under the proposed Tier 3 program. Also, U.S. refineries vary greatly in size (atmospheric crude
capacities range from less than 5,000 to more than 500,000 barrels per day) and thus have
different economies of scale for adding capital to their refineries. As such, it is much easier for
some refineries to get their sulfur levels below 10 ppm than for others to reach 10 ppm. This
allows the ABT program to be used to reduce the cost of the proposed gasoline sulfur standard.
If the gasoline sulfur standard were to be 5 ppm, the ability of refiners to average sulfur
reductions across their refineries would likely end and thus, significantly increase the capital and
operating costs while significantly reducing the desulfurization flexibility.

Our cost estimates for a 5 ppm average standard as compared to a 10 ppm average sulfur
standard bears this out. We estimate the average cost for a 10 ppm gasoline sulfur standard
(assuming nationwide credit trading) to be 0.65 ¢/gal compared to 1.27 ¢/gal for the 5 ppm
standard. The cost per sulfur reduction (marginal cost) for the 10 ppm average standard is 0.65
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¢/gal for the 20 ppm sulfur reduction from Tier 2, which averages 0.045 ¢/gal for each ppm of
sulfur reduction. The marginal cost for the 5 ppm standard is 0.49 ¢/gal for the 5 ppm sulfur
difference from the 10 ppm average standard, which averages 0.098 ¢/gal per each ppm of sulfur
reduction, which is over 2 times higher. Therefore, we believe that an annual average standard
of 10 ppm at the refinery gate with an ABT program is reasonable and maximizes the amount of
sulfur reduction and the associated emission reductions before the costs begin to steeply escalate.

We note that in most European countries and Japan, the gasoline sulfur level is capped at
10 ppm. We, however, are not considering a 10 ppm cap for the U.S. due to the increased cost
and increased challenges of ensuring compliance for every batch of fuel. The cost estimates
described above for 5 ppm do not capture any additional costs refiners might need to incur to
deal with offspec batches of fuel that get produced. Therefore, we are finalizing a 10 ppm
average sulfur standard coupled with 80 and 95 ppm caps at the refinery gate and downstream,
respectively, similar to what currently exists under the Tier 2 program. We believe this is the
most prudent approach for lowering in-use sulfur while maintaining flexibility considering cost
and other factors. These per-gallon caps are important in the context of an average sulfur
standard to provide an upper limit on the sulfur concentration that vehicles must be designed to
tolerate. Since there are many opportunities for sulfur to be introduced into gasoline downstream
of the refinery, these caps also limit downstream sulfur contamination and enable the
enforcement of the gasoline sulfur standard in-use. For more on our consideration of
downstream caps, refer to Section 4.2.4.2.

4.2.4 Challenges with Lowering Today’s Sulfur Caps
424.1 Impacts of Lowering the 80 ppm Refinery Cap

We are maintaining the existing 80 ppm refinery gate cap standard in the final Tier 3 fuel
standard. For the NPRM, we considered lowering this cap to either 50 ppm or 20 ppm. If we
lowered the refinery cap standard to 20 ppm, then refiners would only be able to take advantage
of very little of the averaging aspect of the ABT program. That is because, under a 20 ppm cap
standard, we estimate that the maximum sulfur level that refineries could average is about 14
ppm sulfur. Thus, the compliance scenario if the cap standard were 20 ppm would essentially be
the same as the non-ABT case we analyzed. In this case, refiners would have little of the
flexibility offered by the ABT program.

If the cap standard were to be lowered to 50 ppm, the final compliance scenario under the
Tier 3 fuels program would be somewhere between the ABT scenario that we analyzed and the
non-ABT scenario that we analyzed (probably much closer to the ABT case). Under a 50 ppm
cap standard, we estimate that the maximum average gasoline sulfur level that refineries could
average is 35 ppm. Although EPA batch data shows 40 refineries that averaged between 35 and
80 ppm sulfur during 2011, our cost modeling shows only 8 of those would continue to average
more than 35 ppm under a 10 ppm average standard and an 80 ppm cap. If the 80 ppm cap were
to be reduced to 50 ppm, we project that those 8 refineries that averaging over 35 ppm would be
forced to reduce their sulfur levels below 35 ppm regardless of their compliance costs. . Thus,
the 10 ppm average standard reduced the number of refineries that average greater than 35 ppm
sulfur from forty to eight.

422



A more stringent cap would also affect refiners’ ability to process high sulfur FCC
naphtha when there is a short term shutdown of the FCC postreater. If the FCC postreater goes
down, the refinery would likely continue operating the FCC unit and store up the high sulfur
FCC naphtha. Since the FCC naphtha is too high in sulfur to blend directly with gasoline, the
refinery would have to either sell the high sulfur FCC naphtha to other refiners, or hydrotreat the
stored up FCC naphtha along with the ongoing hydrotreating of high sulfur FCC naphtha once
the FCC postreater was back online. If a stringent cap were in place, the refiner would have little
room for short term production of higher sulfur gasoline if it was feeding a larger than normal
quantity (stored and new production) of FCC naphtha to the FCC postreater. A stringent sulfur
cap may cause refiners to oversize the FCC postreater and add additional FCC naphtha storage to
ensure that, regardless of the higher feed volume needed to process the stored material, the FCC
naphtha desulfurization unit could continue to desulfurize the FCC naphtha down to the required
sulfur level to comply with the cap standard and ultimately the 10 ppm average standard. If the
cap were to be lowered, a 50 ppm cap standard would continue to provide refiners with some
flexibility while a 20 ppm cap would not. As shown in Section 4.4.2, refiners are currently
taking full advantage of the flexibility offered by the 80 ppm cap standard offered under Tier 2.

4242 Downstream Sulfur Caps

The feasibility of complying with a downstream sulfur cap is dependent on the
differential between the refinery/importer gate sulfur cap and the downstream cap. This
differential must provide sufficient flexibility for worst-case situations when the potential
sources of sulfur addition downstream of the refinery/importer compound in a single batch of
gasoline that was introduced into the system at the refinery/importer gate sulfur cap.

We proposed, and are finalizing an 80 ppm refinery gate sulfur cap and 95 ppm
downstream sulfur cap. These requirements are applicable under the current Tier 2 gasoline
program. Therefore, under the Tier 3 program, we are maintaining the same 15 ppm differential
between refinery gate and downstream sulfur caps that currently exists under the Tier 2 program.
This 15 ppm differential has proven to be sufficient to accommodate the unavoidable addition of
sulfur downstream of the refinery gate from contamination during distribution, the use of
additives, and the disposition of transmix generated during distribution.

The downstream sulfur cap applies at all locations downstream of the refinery or importer
gate including the gasoline produced by transmix processors and after the use of additives. The
potential sources of sulfur addition downstream of the refinery/importer gate and issues
associated with the feasibility of meeting the downstream sulfur cap are discussed in the
following subsections.

4.2.4.2.1 Sulfur Addition Downstream of the Refinery and Importer Gate

The sulfur content of gasoline can increase downstream of the refinery/importer due to
contamination during distribution, the use of additives, and the disposition of transmix generated
during distribution.

A small amount of sulfur contamination takes place during distribution as a result of the
shipment of gasoline over long distances by pipeline and other modes due to the sharing of the
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same distribution assets with other higher-sulfur petroleum products, e.g., jet fuel. Steps can be
taken to limit sulfur contamination. However, it is an unavoidable feature of the efficient multi-
product distribution system in the U.S. We estimate that sulfur contamination of gasoline can be
limited to a worst case maximum of 3 or 4 ppm in the future, even for the most involved and
long-distance distribution pathways. Typical levels of sulfur contamination will likely be much
lower given the removal of many sources of sulfur contamination in the fuel distribution system
in recent years.

There were no direct regulatory controls on the sulfur content of gasoline additives under
the Tier 2 program. The contribution to the sulfur content of finished gasoline from gasoline
additives is accommodated in the differential between the refinery gate and downstream sulfur
caps. The functional components of some gasoline additives such as silver corrosion inhibitors
and demulsifiers are inherently high in sulfur content. However, the contribution to the overall
sulfur content of the finished fuel is very limited. For example, silver corrosion inhibitors can
contain as much as 30 percent sulfur but because of very low treatment rates can add only 0.17
ppm to the sulfur content of the finished fuel.”® At seldom used highest treatment rates, the use
of gasoline additives upstream of the consumer has the potential to add ~1 ppm to the sulfur
content of the finished fuel. Aftermarket additives that are added directly into the vehicle fuel
tank also have the potential to increase gasoline sulfur content. One particular aftermarket
performance and anti-wear additive can contribute ~2 ppm sulfur to the treated fuel.®**

Transmix is a necessary byproduct of the multi-product refined product pipeline
distribution system. Batches of different products are shipped in sequence in pipelines without
any physical barrier between the batches. Transmix is produced when the mixture at the
interface between two adjacent products cannot be cut into either batch. Transmix typically
accumulates at the end of pipeline systems far from refineries. There are two methods of
disposing of transmix. Most transmix is sent to transmix processing facilities for separation into
saleable distillate and gasoline products through use of a simple distillation tower.

The other means of transmix disposal is for pipeline operators to blend small quantities
directly into batches of gasoline during shipping. This typically takes place at remote pipeline
locations where small volumes of transmix accumulate that would be difficult to consolidate and
ship to transmix processors. Pipeline operators that blend transmix into the gasoline in their
systems must ensure that the resulting gasoline meets all fuel quality specifications and the
endpoint of the blended gasoline does not exceed 437 °F.“** This practice currently can add as
much as 3 to 5 ppm to the sulfur content of gasoline although we believe that the contribution is
typically less.

Transmix processing facilities do not handle sufficient volumes to support the installation
of currently-available desulfurization units. Therefore, the sulfur content of the products they
produce is predominantly governed by the sulfur content of the transmix they receive. In many
cases, transmix contains jet fuel which can have a sulfur content as high as 3,000 ppm. Due to

B Aftermarket additives are defined as additives sold to vehicle operators for direct addition to vehicle fuel tanks.
€437 F is the maximum endpoint allowed for gasoline in the ASTM International specification for gasoline in
ASTM D4814.
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the overlapping distillation characteristics of jet fuel and gasoline, it is unavoidable that some jet
fuel in transmix will be present in the gasoline produced by transmix processors.

Transmix processors produce ~0.1 percent of all gasoline consumed in the U.S. The
small volume of transmix-derived gasoline along with the fact that such gasoline is typically
mixed with other gasoline before delivery to the end user, substantially limits the potential
impact on gasoline sulfur levels. Furthermore, data provided by the largest operator of transmix
processing facilities, shown in Figure 4-2, indicates that relatively few batches of the gasoline
they produce approach 80 ppm sulfur.’® Most batches are approximately 10 ppm above the
current 30 ppm refinery sulfur average. We anticipate that this 10 ppm differential would likely
continue under the 10 ppm refinery average sulfur standard.
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Figure 4-2 Kinder Morgan Transmix Gasoline Product Sulfur Levels

4.2.4.2.2 Maintaining the Current 15 ppm Differential Between the Refinery
/Importer Gate and Downstream Sulfur Caps

The 80 ppm refinery gate and 95 ppm downstream sulfur caps finalized today maintains

the current 15 ppm differential between the refinery/importer gate sulfur cap and the downstream
sulfur cap.
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The current 15 ppm differential was established under the Tier 2 program to
accommodate the sulfur contamination during distribution, the sulfur contribution from transmix
blending by pipeline operators, the sulfur contribution from the use of additives, and to enable
compliant gasoline to be produced by transmix processors. Transmix processors need to produce
gasoline sufficiently below the downstream sulfur cap to accommodate the addition of sulfur
from the use of additives and contamination during further distribution. Experience under the
Tier 2 program has shown that a 15 ppm differential is sufficient for downstream parties to
ensure compliance with the downstream sulfur cap

Maintaining the current 95 ppm downstream sulfur cap with an 80 ppm refinery/importer
gate sulfur cap under the Tier 3 program represents no change from current requirements. As a
result, there will be no increased difficulty or additional costs associated with satisfying a 95
ppm downstream sulfur cap beyond those that were already incurred under the Tier 2 program.
Furthermore, the reduction in the refinery average sulfur standard under the Tier 3 requirements
may make it somewhat easier to comply with the downstream sulfur cap given that most gasoline
produced would be at or near 10 ppm sulfur.

4.2.4.2.3 Cap on Sulfur Contribution to Gasoline from the use of a Gasoline
Additive

The Tier 3 rule requires that each gasoline additive may add no more than 3 ppm sulfur to
the sulfur content of gasoline when used at the maximum recommended treatment rate. All
current gasoline additives are currently compliant with this requirement. Therefore,
implementing this requirement will not place an additional burden on gasoline additive
manufactures. We are implementing this requirement to preclude the possibility that high sulfur
blendstocks might be added to gasoline in the guise of a gasoline additive.

4.3 Sulfur Credits

We conducted an analysis of 2012 Tier 2 Gasoline Sulfur Credit Banking and Allotment
Generation Reports submitted to EPA by U.S. refineries to ascertain the availability of sulfur
credits and the fluidity of the sulfur credit trading market. These reports must be submitted by
producers and importers of gasoline destined for sale in the United States. Such facilities submit
Credit Banking and Allotment Generation Reports for sulfur credits it possesses or possessed
over a given year. This data is Confidential Business Information.

Sulfur credits must be used by the refiner that generated them or they can be transferred
up to two times. These credits may be used at the refinery where they were generated, banked by
a refiner for future use or use at another one of its refineries, or sold/transferred to another
refiner. If a transferee does not use credits that they purchased, they may transfer them to
another party; the second transferee must then use or bank the credits (i.e., they cannot be
transferred again). Credits have a five-year life span from the year of generation. As such, 2007
credits expired at the end of 2012.

We performed several analyses of the data including: (a) the use of intercompany

gasoline sulfur credit trading, (b) 2012 gasoline sulfur credit balances, (¢) gasoline sulfur credit
usage by age, and (d) the reduction of gasoline sulfur levels over time.
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The analysis revealed the number of gasoline sulfur credits banked by refiners as well as
the extent to which gasoline sulfur credits are traded within a parent company (intra-company)
and between competing parent companies (intercompany). These metrics, coupled with
information on the gasoline sulfur credit usage and the reduction of gasoline sulfur levels over
time under the current Tier 2 program, provides an indication of the ability and flexibility of
refineries to rely on trading of credits for compliance with the Tier 3 standards being finalized
today.

4.3.1 Intra- and Inter-Company Trading

Our analysis found that approximately 44% of sulfur credits transacted in 2012 were
transferred intra-company whereas approximately 56% of gasoline sulfur credits transacted were
transferred between competing parent companies (Figure 4-3), suggesting the existence of a
robust and fluid gasoline sulfur trading market.

Figure 4-3 2012 Inter- vs. Intra-company Gasoline Sulfur Credit Transfers
4.3.2 Tier 2 Sulfur Credit Analysis

Credits under the current Tier 2 program have a five year life, which means they could
still be used in 2017. For the final Tier 3 program, we are allowing Tier 2 credits to be carried
over for use in complying with Tier 3. As a result, we assessed gasoline sulfur credit availability
for 2012. Our analysis of the number of sulfur credits generated and the number of sulfur credits
used and transferred resulted in a difference of just under 400 billion ppm-gallon sulfur credits in
2012. This equates to 2-3 months of compliance with the 10 ppm Tier 3 standard. If refiners
were to simply continue to accrue at this rate until 2017 without taking any additional actions to
comply early with Tier 3, gasoline sulfur credits generated by refineries would afford
approximately a one-year delay in implementation of the standard.

Of the gasoline sulfur credits transacted in 2012, 40% were generated in 2007, 30% were
generated in 2008, 7% were generated in 2009, 9% were generated in 2010, 11% were generated
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in 2011, and 3% were generated in 2012 (Figure 4-4). Thus, a refiner’s willingness to trade
gasoline sulfur credits varies with the time remaining until credits expire. Gasoline sulfur credits
set to expire at the end of 2012 (i.e., credits generated in 2007) were traded thirteen times more
often than sulfur credits generated in 2012, which expire at the end of 2017. Thus, having a
finite credit life is helping to stimulate the robustness of the current credit trading market.

Figure 4-4 Percentage 2012 Gasoline Sulfur Credits Transacted by Year of Generation

4.4  Sulfur Level Analysis
4.4.1 Volume-Weighted Gasoline Sulfur

The analysis also revealed that volume-weighted average gasoline sulfur levels have
decreased steadily over the period for which we analyzed data. In 2007, the volume-weighted
gasoline average sulfur concentration was 39.8 ppm, 35.2 ppm for 2009, 31.2 ppm for 2011, and
26.7 for 2012 (Figure 4-5). The steady decline over time was driven by the continued pressure
of the Tier 2 standards. The last flexibilities in the program for a subset of small refiners ended
in 2011. The additional drop in 2012, however, represents over-compliance with the Tier 2 30
ppm average standard.
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Figure 4-5 Volume-Weighted Average Gasoline Sulfur Level by Year

Sulfur levels by summer cumulative gasoline volume for 2011 are depicted in Figure 4-6.

Figure 4-6 Sulfur Levels versus Summer Cumulative Gasoline Volume for 2011
4.4.2 Batch-to-Batch Sulfur Variability

Our analysis also revealed the extent of batch-to-batch variability of gasoline sulfur.
While such variability is suggested when examining the aggregated sulfur levels for all gasoline
batches produced in a year, as in Figure 4-7, the implications of this variability is not clearly
evident until gasoline sulfur is examined at the refiner-level.
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Figure 4-7 Aggregated Sulfur Levels for All Gasoline Batches Produced in 2011

Average gasoline sulfur varies significantly between refiners as well as between gasoline
batches produced by the same refiner, as can be seen in Figures 4-8a-d. These figures depict
2011 gasoline sulfur levels by batch frequency for four refineries from the analysis. In addition
to providing insight into the volume-weighted average gasoline sulfur and the minimum and
maximum gasoline sulfur, the figures also capture the broad distribution of sulfur levels and their
skewness for gasoline batches produced by refiners.

For instance, the average gasoline sulfur for Refiner A (Figure 4-8a) is relatively high
(58.6 ppm), with a broad range between minimum (8 ppm) and maximum (80 ppm). However,
the data are negatively skewed, with most of the observations centered around 70 ppm — well-
above the volume-weighted average — and, to a lesser extent, along a shallow tail to the left (with
lower sulfur values). These lower values offset the higher observations centered about 70 ppm.
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Figure 4-8a Sulfur Concentration Versus Batch Frequency for Refiner A
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Average sulfur for Refiner B is considerably lower than Refiner A (19.3 ppm versus 58.6
ppm), and the data have a much smaller range (4 ppm minimum and 42 ppm maximum), with
only a single higher observation at 63 ppm observation (Figure 4-8b). Unlike Refiner A, the
gasoline sulfur for Refiner B is distributed bimodally about 15 and 25 ppm and is fairly
systematical about the average of 19.3 ppm. The sulfur observations for Refiner B are not
negatively skewed, as is the case for Refiner A.
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Figure 4-8b Sulfur Concentration Versus Batch Frequency for Refiner B

Like Refiner A, the volume-weighted average sulfur for Refiner C is relatively high (52.7
ppm), with a similarly broad range between minimum (20 ppm) and maximum (76 ppm) (Figure
4-8c). However, unlike Refiner A — which is negatively skewed — these data are largely
symetrical about the volume-weighted gasoline sulfur average.
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Figure 4-8¢ Sulfur Concentration Versus Batch Frequency for Refiner C
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Like Refiner B, the volume-weighted average sulfur for Refiner D is relatively low (21.5
ppm), with a similarly broad range between 4 ppm and 51 ppm, with just a few observations
between 70-75 ppm (Figure 4-8d). And as with Refiner B, the data for Refiner D are largely
distributed symmetrically about the volume-weighted sulfur average. See Table 4-3 for a
summary of these parameters.
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Figure 4-8d Sulfur Concentration Versus Batch Frequency for Refiner D

Table 4-3 Summary of Statistics for Four Typical Refiners

Refiner Sulfur Su.lfur Su!fur Sutlhfur Sutlhfur
Average | Minimum | Maximum | (257%) (757 %)
Refiner A 58.6 8.0 80.0 44.0 70.0
Refiner B 19.3 4.0 63.0 13.0 25.0
Refiner C 52.7 20.0 76.0 45.0 58.0
Refiner D 21.5 4.0 75.0 16.0 26.0

Given the significant variability in batch-to-batch gasoline sulfur, the data suggest that a
low sulfur average with a high sulfur cap allows refiners to minimize operating costs by
providing flexibility to those refiners producing gasoline above the average standard while
providing incentive to those refiners producing gasoline below the average standard.
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In addition, the data demonstrate the flexibility provided by a high cap to allow normally
low sulfur gasoline-producing refiners to still market occasional higher sulfur batches of gasoline
during abnormal operating conditions. Finally, the data show that the combination of an average
standard with a higher cap allows refiners considerable batch-to-batch flexibility in producing
individual batches of gasoline while still reducing the overall sulfur level.

4.5 Lead Time Assessment

We received a several comments in support of and against our proposed rule regarding
feasibility assessment and lead time. Commenters in the refining industry generally stated that
the amount of lead time proposed was not sufficient. These commenters noted concerns that the
short lead time proposed would drive up costs as there would be unscheduled shut-downs to
install and/or revamp equipment to meet the Tier 3 sulfur standard, and would not provide
enough time for the permitting process. These commenters requested at least five years of lead
time, and noted that EPA has historically provided at least four years of lead time in previous
fuels rulemakings. Commenters in the auto industry, as well as states and non-governmental
organizations (NGOs), encouraged us to finalize the rule as soon as possible and to retain the
January 1, 2017 start date to harmonize our program with California’s LEVIII program and to
enable Tier 3 benefits as soon as possible. As discussed in more detail below, we believe the
amount of lead time provided is sufficient, especially given the flexibilities being provided. A
complete discussion on the comments received with regard to lead time can be found in Chapter
5 of the Summary and Analysis of Comments document.

While evaluating the merits of a national gasoline sulfur program to reduce emissions and
enable future vehicle technologies, we also considered the refining industry’s ability to reduce
sulfur to 10 ppm on average by January 1, 2017 and the associated costs (for more on fuel costs,
refer to Chapter 5). Based on information gathered from numerous stakeholder meetings and
discussions with vendor companies that provide the gasoline desulfurization technologies both
before and after the proposal, as well as the results from our refinery-by-refinery modeling, we
believe it is technologically feasible at a reasonable cost for refiners to meet the sulfur standards
in the lead time provided. A summary of our feasibility analysis is presented below.

4.5.1 Employment Constraint Analysis

As in prior rules, we also evaluated the capability of E&C industries to design and build
gasoline hydrotreaters as well as performing routine maintenance. This includes an employment
analysis. Two areas where it is important to consider the impact of the fuel sulfur standards are:
1) refiners’ ability to procure design and construction services and 2) refiners’ ability to obtain
the capital necessary for the construction of new equipment required to meet the new quality
specification. We evaluated the requirement for engineering design, and construction personnel,
in a manner consistent with the Tier 2 analysis, particularly for three types of workers: front-end
designers, detailed designers and construction workers, needed to implement the refinery
changes. We developed estimates of the maximum number of each of these types of workers
needed throughout the design and construction process and compared those figures to the
number of personnel currently employed in these areas.
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The number of person-hours necessary to design and build individual pieces of refinery
equipment and the person-hours per piece of equipment were taken from Moncrief and
Ragsdale®”. Their paper summarizes analyses performed in support of a National Petroleum
Council study of gasoline desulfurization, as well as other potential fuel quality changes. The
design and construction factors for desulfurization equipment are summarized in Table 4-4.

Table 4-4 Design and Construction Factors”

Gasoline Refiners

Number of New Pieces of Equipment per Refinery 60

Number of Revamped Pieces of Equipment per Refinery 15

Job Hours Per Piece of New Equipment”

Front End Design 300

Detailed Design 1,200

Direct and Indirect Construction 9,150
Note:

“Revamped equipment estimated to require half as many hours per piece of equipment

Refinery projects will differ in complexity and scope. Even if all refiners desired to
complete their project by the same date, their projects would inevitably begin over a range of
months. Thus, two projects scheduled to start up at exactly the same time are not likely to
proceed through each step of the design and construction process at the same time. Second, the
design and construction industries will likely provide refiners with economic incentives to avoid
temporary peaks in the demand for personnel.

Applying the above factors, we projected the maximum number of personnel needed in
any given month for each type of job. The results are shown in Table 4-5. In addition to total
personnel required, the percentage of the U.S. workforce in these areas is also shown, assuming
that half of all projects occur in the Gulf Coast in Table 4-5. Refineries are generally expected to
not require the full 24-month period to complete scoping studies, process design, permitting,
detailed engineering, field construction, and start-up/shakedown for revamping an existing FCC
postreater.
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Table 4-5 Maximum Monthly Demand for Personnel

Front-End Detailed Construction
Design Engineering
Tier 3 Gasoline Sulfur Program
Number of Workers 51 202 1,503
Percentage of Current Workforce® | 3% 2% 1%

Note:
“Based on current employment in the U.S. Gulf Coast assuming half of all projects occur in the Gulf Coast

To meet the Tier 3 sulfur standards, refiners are expected to invest $2.0 billion between
2014 and 2019 and utilize approximately 250 front-end design and engineering jobs and 1,500
construction jobs. The number of estimated jobs required is small relative to overall number
available in the U.S. job market. As such, we believe that because of the ABT program with its
flexibilities such as generous early credit generation period, that there is adequate lead time for
refineries to obtain necessary permits, secure E&C resources, install new desulfurization
equipment and make all necessary retrofits to meet the sulfur standards.

We conducted a refinery-by-refinery analysis to determine the impacts on refinery E&C
demand of implementing the 10 ppm standard without an ABT program. The analysis suggests
that a greater number of refineries would need to make investments in refinery apparatus and
upgrades without an ABT program than would be required with an ABT program. This would
result in a greater demand on the E&C industry. Moreover, the analysis also indicated that the
demand upon the E&C industry would be spread over a shorter period than with the ABT case.
In particular, our refinery-by-refinery analysis indicates that without an ABT program, 72
refineries would revamp existing pre- and postreaters and 18 would install grassroots postreaters
in order to meet the Tier 3 sulfur standards. The remaining 18 refineries are either already in
compliance with the 10 ppm standard or expected to comply with simple process changes. This
1s compared to 66 refineries that would revamp existing pre- and postreaters and one refinery
that would install grassroots postreaters in order to meet the Tier 3 sulfur standards under an
ABT program.

4.5.2 Can Refiners Meet the January 1, 2017 Start Date?

An adequate amount of lead time is required for the implementation of any rulemaking.
Depending on the level of effort required to comply, more or less lead time is also required. In
the case of Tier 3, refiners need time to select the technology and the vendor that will provide the
technology with which they will comply with the fuels standard. Next, they need time to arrange
an engineering and construction (E & C) contractor which will design and oversee the
construction of the refinery unit and the time needed to obtain the necessary permits and procure
the necessary hardware. Next, refiners need time to construct the unit. Finally, the refiner needs
time to make the necessary unit tie-ins of the unit with the rest of the refinery and then startup
the unit.

This section explains that when taking into account the time to revamp existing FCC
postreater units or build grassroots postreater units, tie-in the new or revamped units with the rest
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of the refinery and considering the flexibility offered by the ABT program, refiners will be able
to comply with the Tier 3 program within the lead time provided.

4521 Time Required to Install Grassroots Units and Revamp Existing Units

The technologies for complying with Tier 3 are well known and well proven. As
previously explained, refiners which complied with Tier 2 using FCC naphtha desulfurization
technologies installed the following units, all of which were grassroots installations: Axens
Prime G+, CDTech’s CDHydro and CDHDS, UOP’s ISAL, Sinopec’s S-Zorb and Exxon’s
Scanfining. Prior to choosing a technology, refiners needed to evaluate each these different
technologies and choose among them, all of which were largely untested at the time, which
required us to provide more lead time for Tier 2. Since it has been 9 years since the Tier 2 sulfur
standard began to be phased in, refiners now have direct experience with the installation and
operation of these technologies and the vendor companies that license them and continue to
support their installations onsite. This fact will allow refiners to reach a decision very quickly
when complying with Tier 3, particularly, because in most cases the refiners will solely be
revamping the units installed for Tier 2 when complying with Tier 3.

Based on our discussions with refiners, construction companies, vendor companies and
from published literature, we estimated the time it takes to revamp existing postreaters and install
grassroots postreaters. Revamping an existing postreater is expected to require up to two years.
Installing a grassroots postreater is estimated to require three years. Figure 4-6 reflects these
project c]())mpletion times showing the various major intermediate steps for completing the
projects.

" The timeline shows overlap between steps which reflect actions that can be taken to set up the following step
while the previous step is being completed. For example, refines can establish the contract for the detailed
engineering while the process design is being completed. Refiners can begin site preparation to prepare for
construction before the detailed design is completed. Finally, refiners can test individual pieces of equipment as
they are installed and while construction is ongoing to find problems that would streamline unit start-up and avoid
delays
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Figure 4.6 Estimated Project Lead Time for Revamps and Grassroots Units
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We believe that the revamping of postreaters could take less time than what we estimate
in Figure 4-6 because many of the Tier 3 revamps are expected to be very modest (e.g., change
out a reboiler or heat exchanger). Since EPA held discussions with many refiners in 2011 about
EPA’s plan to pursue additional sulfur control post-Tier 2 (Tier 3), refiners began the process of
assessing how they would comply. The Tier 3 proposal was delayed for about a year and it is
our understanding from recent discussions with vendor companies and some refiners that, during
this time, many refiners began assessing how they intended to comply with Tier 3. Thus, many
refiners likely have completed the scoping studies, which involves technology selection, and in
the case of grassroots units, vendor selection as well (refiners with a particular postreater
technology in most cases are expected to simply revamp the same vendor’s technology, so there
is no need to select a vendor). If refiners have already completed their scoping studies, we
estimate that installation of the revamps or grassroots units would be about 3 months shorter than
the 2 and 3 years, respectively, than we estimate in Figure 4-6.

These project timelines are reasonable in light of past industry experiences that show
FCC postreaters being installed in refineries in less time than what we estimate. At the Motiva
refinery in Port Arthur, TX, a grassroots CDTech postreater was designed, constructed and
started up in less than 2 years.”® At two refineries in Germany, two Prime G+ units were
designed, constructed and started up — one of them in two years, and the other in 18 months.*
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As an extreme example, the $3.6 billion dollar, 180 kbbl/day crude oil expansion at Marathon’s
Garyville, LA refinery was designed, constructed and started up in less than 4 years.*® This
single project involved the construction of 10 major refinery units, and permitting required only
9 months. Since these may be best case examples, we continue to believe the projections
provided above in Figure 4-6 are reasonable.

4522 Program Flexibility that Extends Lead Time

The final Tier 3 program includes an ABT program that would significantly help refiners
comply with the January 1, 2017 start date. There are three provisions of the ABT program
which helps with respect to leadtime.

The ABT program allows for ongoing intra-company and inter-company trading
nationwide. This will allow some refineries to over-comply with the 10 ppm gasoline sulfur
standard (in our analysis, we modeled these refineries bringing their gasoline down to 5 ppm),
allowing other refineries that would otherwise need to install grassroots units to not invest and
purchase credits instead. This aspect of the ABT program is very important because our analysis
estimates that only one refinery would need to install a grassroots hydrotreater whereas without
the ABT provisions, there could be as many as 20 grassroots units. This one aspect has
important implications for leadtime because as discussed in the previous subsection, revamps
require two years or less whereas grassroots FCC postreater units require approximately three
years to install. We are convinced that this aspect of the ABT program will be utilized to the
maximum extent possible because refineries revamping their postreaters in lieu of installing
grassroots postreaters results in the most cost-effective mechanism for meeting the 10 ppm
annual average standard.

An important question is whether refiners will not invest in a grassroots unit trusting that
the credits will be freely available. For the NPRM, we conservatively assumed that refiners
would only rely on credits if they could generate them internal to the company. As discussed in
Section 4.4, we assessed how the sulfur credits were being traded under Tier 2 and we found that
over half the sulfur credits were freely traded between companies (as opposed to only being used
within companies), and many single-refinery companies had sulfur levels above 30 ppm (single-
refinery companies must purchase credits from other companies). Because we set up the Tier 3
credit trading program to work just like the Tier 2 credit trading program, we are confident that
there will be widespread trading within and between refining companies which means that few
grassroots units will be need to be built for Tier 3.

A second aspect of the ABT program that helps with leadtime is the provision for
generating early sulfur credits and banking them for later use. This provision allows refineries to
reduce their gasoline sulfur to less than 30 ppm prior to January 1, 2017 and bank the credits for
later use. Based on comments that we received on the proposed rule, we are allowing Tier 2
credits which are generated during the years 2012 and 2013 to also be used to show compliance
for Tier 3. This effectively extends the early credit generation period for Tier 3 to encompass the
years 2012 to 2016, which is 5 years. Analyzing the 2012 gasoline quality data that refiners
reported to EPA, we found that gasoline sulfur levels in the U.S. averaged 26.7 ppm. Thus,
refiners have already begun overcomplying with Tier 2 by 3.3 ppm, and are therefore already
generating early credits for Tier 3. If refiners do nothing more but continue to overcomply with
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Tier 2 by 3.3 ppm over the 5 years of early credit generation, refiners will have generated enough
credits to delay the completion of their capital projects by more than one year. Furthermore
since those credits generated in 2012 and 2013 will expire in 2017 and 2018 respectively,
refiners will have an incentive to either use them themselves or trade them in 2017 and 2018.
Thus refiners that may need to count on them to delay their capital investment are likely to be
able to have access to them.

We believe that refiners will generate a lot more early credits with their existing gasoline
sulfur control units than the 3.3 ppm we observed in 2012. As we discussed in our cost analysis,
to produce more diesel fuel in response to a greater demand for diesel fuel relative to gasoline,
refiners are undercutting the swingcut portion of FCC naphtha at their refineries.® This action to
shift what historically was blended into the gasoline pool to the diesel fuel pool, also
dramatically reduces the sulfur content of the gasoline pool. If the entire swingcut portion of
FCC naphtha is undercut to the diesel fuel pool, the amount of sulfur in the gasoline pool is
reduced by about 50 percent. Our cost analysis estimates that at almost one quarter of U.S.
refineries, refiners are fully undercutting the FCC naphtha to diesel fuel today. At many other
refineries, our cost analysis estimates that refiners are partially undercutting their FCC naphtha.
These refineries will be able to reduce the sulfur of their gasoline well below their current levels
and generate a large number of early credits for Tier 3. Even for the subset of refineries where
FCC naphtha is not being undercut, refiners can assess how much activity or catalyst life is left
in its FCC postreater catalyst and compare this time with the time to the next turnaround when
the FCC postreater catalyst is scheduled to be replaced. If there is spare catalyst life, the refiner
could elect to increase the severity of their postreaters to reduce their gasoline sulfur levels to
under 30 ppm. With this strategy, the refiner would generate early sulfur credits. Also, when the
refiner replaces the catalyst in its Tier 2 postreater, it can elect to do so with a more active
catalyst which would allow the refinery to produce gasoline at sulfur levels below 30 ppm and
generate more early credits for Tier 3.

Based on the early actions refiners are either already taking, or could take, to reduce their
gasoline sulfur levels, we believe that refiners would be able to reduce their gasoline sulfur to as
low as 20 ppm, on average, without making any capital investments. By averaging 20 ppm for
2.5 years prior to 2017, refiners would be able to delay completion of all capital investments for
Tier 3 until mid 2019. If we add the 3.3 ppm of credits during 2012, 2013 and first part of 2014,
refiners would be able to delay completion of all capital investments in Tier 3 until 2020. Thus,
the early credit provisions in-effect can provide nearly 6 years of leadtime for full compliance
with the fuels program. This will allow ample time for refiners to complete their investment and
schedule their tie-ins during normal shutdown activities. It effectively provides even more lead
time than 5 years that the refining industry requested in their comments. The delay in the
program implementation will also help to distribute the demand on the E & C industry over more
years ensuring that the E & C industry would not be overwhelmed. Thus, the Tier 3 program
with a very flexible ABT program provides ample leadtime.

¥ The term swingcut means that this portion of the FCC product pool can be blended into gasoline or diesel fuel
while still meeting the fuel quality specifications for either fuel regardless of where this swingcut is blended.
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A third aspect of the Tier 3 ABT provisions which helps with leadtime is that small
refiners and small volume refineries (i.e., refineries processing less than or equal to 75,000 net
barrels per day of crude oil) are exempted from complying with the 10 ppm average sulfur
standard until 2020. This provides an estimated 36 refineries, of the total 108 refineries, nearly
6 years of lead time; again more than the 5 years that the refining industry requested in their
comments. As a group, we believe that these refiners and refineries are disproportionally
impacted when it comes to their cost of compliance and ability to rationalize investment costs in
today’s gasoline market. Giving these refiners and refineries additional lead time provides more
time to invest in desulfurization technology, take advantage of advancements in technology,
develop confidence in a Tier 3 credit market as a means of compliance, and avoid competition
for capital, engineering, and construction resources with the larger refineries. The small refiner
and small volume refinery exemption until 2020 reduces the number of refineries which will
need to make a significant capital investment to comply with Tier 3 prior to 2020 to a total of 49
non-small refineries (48 revamps and 1 grassroots unit), thus 15 refineries could wait to take
action until 2020 (see Table 4-8 below). The provisions for small refiners and small volume
refineries are discussed in more detail in Section V.E.1 of the preamble. Although the small
refiners and small volume refineries are not required to comply with Tier 3 until 2020, they can
still generate early credits (from January 1, 2017 through December 31, 2019) relative to 30 ppm
for sale to other small refiners/small volume refineries, and relative to 10 ppm for sale to non-
small refiners. Such credits generated relative to 10 ppm could provide another pool of early
credits for Tier 3.

In summary, the ABT program provides ample flexibility for complying with Tier 3. The
averaging provisions will allow refiners that only need to revamp their Tier 2 postreaters to
overcomply and generate credits which will allow refineries that otherwise need to install
grassroots units to comply solely through the purchasing of credits. The banking provisions,
which allow refiners to generate early credits, effectively delays investments for compliance to
potentially as late as the year 2020. Finally, the small refiner and small refinery provisions delay
compliance for approximately 30 refiners until 2020. The provisions also allow them to generate
and sell credits during this period if they so choose. All these ABT provisions effectively
address the leadtime concerns. Furthermore, were we to shift the start date back another 2 years
as the refinery industry suggests in their comments, it would provide nearly 8 years of leadtime
for refinery changes that require just 2 or 3 years to complete. Refiners would not have to even
begin taking action for Tier 3 for a couple of years. Given that the lead time and associated
programmatic flexibility we are finalizing is sufficient to allow industry to readily comply; we do
not expect that a delay in the start date of the fuel standards would change the cost of compliance
discussed in Chapter 5. Any further delay in the program start date would simply delay the
actions to comply. Furthermore, delaying the start of the program would forego significant
emissions, air quality, and health benefits.

4523 Impact of Turnaround Timing

In their comments to the proposed Tier 3 rulemaking, the oil industry stated that the time
it takes to comply with the proposed 10 ppm gasoline sulfur standard must include the time it
takes to tie-in the revamps and grassroots units. The oil industry suggested that the leadtime for
Tier 3 be increased to 5 years to allow for refiners to make their investments needed to comply
with Tier 3 and tie-in those new investments. We agree that the need to make tie-ins must be
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considered when assessing the feasibility of leadtime, and even when we factor the time needed
to do so, our analysis shows that refiners can comply with Tier 3 with the leadtime provided.
This is true because the final rule effectively provides nearly 6 years of leadtime to complete
capital projects, as described above, and also because the capital projects do not have to be
completed prior to installing the necessary tie-ins for new Tier 3 units.

When a refiner builds a grassroots unit or some sort of revamp that involves a new
reactor or perhaps an added distillation column, the new vessels and associated equipment must
be “tied-in” to the rest of the refinery. The tie-in usually involves connecting a pipe from the
existing unit to the new unit installed. However, a pipe cannot simply be added while the
refinery is operating. Instead, the refiner will add the necessary pipe for making the tie-in when
the refinery is shutdown for regular maintenance. The revamp or grassroots unit does not have
to be started up at that time. Instead, the connection pipe just needs to be added and blocked off
with a sealing-type valve and a blind flange (essentially a flat piece of steel) is bolted on as a
precaution against a leaky valve. This is a very simple process that would take several pipefitters
a half a day of work to complete including completing all the necessary safety protocols.” Once
this piping has been added, the refiner can restart its refinery. Then when the refiner is ready to
complete the tie-in to the completed revamp or grassroots unit, the refiner would remove the
blind flange and connect a pipe that connects the existing part of the refinery to the newly
installed grassroots postreater unit or revamp postreater subunit. This last step can either occur
when the refinery is shutdown or still operating. At that point the refiner would only need to
open the block valve to complete the tie-in of the grassroots unit or revamp to the existing
refinery. One refiner who owns a number of refineries informed us that it installed the tie-ins for
a possible Tier 3 rule when it installed its Tier 2 units.

On its webpage, the American Petroleum Institute (API) reports that the average time
between major turnarounds is 4 years when the U.S. refineries perform maintenance on the FCC
unit.* An Energy Information Administration (EIA) study makes a similar finding, which is that
refiners target 3 — 5 years, or 4 years on average, between refinery turnarou