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EPA Staff Paper on Gasoline Sulfur [ssues

Executive Snmniary

It response to @ Congressional mandate contained in the Clean Air Act, the ULS,
Environmental Protection Agency (EPA) recently published a draft study of the air quality need
tor and the feasibility and cost-cifectiveness of emissions reductions from fight-duaty vehicles
(LDVs) and light-duty trucks (LIDTs) beyond those sequired by the existing Tier | emission
standards. EPA plans to follow thds sfudy by the end of 1998 with a notice of proposul for this
next level of eroission standards, Tier 2 standards. In cvaluating the technical foasibility of
additional emission controls, the draft Tier 2 study identified conunercial gasoline sulfur levels
s u potentially significant factor in determining the cmission control potential of future vebicles.
Henee, as part of establishing Tier 2 standuards, the Agency will also establish g gasoline sulfur
control program, 1o be proposed in the same time franwke,

Thiz puper presents EPA’s current understanding of the impact of gasoline salfuron
cinissions from cusrent and future motor vehicles. The paper also explores what can be done by
gasoline producers and automobile manufacturers to reduce sulfur’s impact on vehicle emissions.

i

The Impacts of Gasoline Sulfur on Emission Control Systems

Modern gasoline-fucled vehicles use catalysts to reduce emissions of hydrocarbons (HC),
carbon monoxide (COY, and oxides of nitrogen {(NOx) by over 90 percent (%), Sulfurisa
cotalyst potson. Sulfur and sulfur oxides inhihit the reaction of HC, CO, and NOx on the
catalytic surface. Sullur alse interferes with the management of oxygen on the catalyst surface,
which must be precisely controlled to maximize NOx emission reductions. The degree of
sulfur’s interforence appears to depend on many Factors, such as the speciiic design of the
catalysi, the range of exhaust temperatures experienced by the catalysy, the matertals used to store
oxygen in the catalyst, and the range of air-fuel mixiures fed 1o the engine. OF sl of the noble
metals used in modern catalysts, palladium appears to be the most susceptible 1o sulfur
poisoning. Likewise, of oxypen storage media, ceria appewrs 1o be the maost sensitive w sulfur,
Palladium is currently the catalyst of choice of most vehicle manufacturers for their emission
control systems designed 1o meet California’s low emission vehicle (LEV) sundards, Palladium
is able to withstand higher temperatures, which allows the catalyst to be placed closer to the
enginc amd start working sooner after a cold start, Ceria allows the catalyst to operate of i
maximum efficiency over a wide range of vehicle oporating conditions, which is critical to
reducing cmissions in-use and not just in the laboratory.

It ix possibic that future optiniization of catalyst and engine designs could redace the

impact of sulfur on catalyst performance. For example, the increased use of the precious metal
rhodium in catalysts and the maintenance of consistently high temperatures duting typical
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operation {¢.g., shove 650° C) may reduce the negative emissions impact of sulfur, Increasing
the wotal precious metal content of the catalyst can also reduce the impact of sulfur, though at
sighificant cost. However, duc to sullur’s inherent chemical nature, it is highly unlikely that the
impact of sulfur can be completely eliminuted. As tighter envission standards require higher
catalyst efficiencies, the impact of sallur is bound 1o be more deamatic,

Automakers and oif companies have both recently completed extensive tost programs 10
bivestigate the impact ol sulfur on emissions from vehicles meating California LEV standards.
These vehicles are currently being sold in the Northeast and will be sold nationwide starting in
2001, ax part of the voluntary National Low Emission Vehicle (NLEV) program. Some of the
results of this westing are sumnarized in Table El below. Many of the vehicles tested failed their

certified cmisston standards when using higher sulfur fuels,

{Saurce: CRC and AAMA/ATAM Test Programs]

Table E1. Average Increase in Emissions for LEVs and ULEVs Relative to 40 ppm Sulfur

Pollinant NMHC NOx

Fael Sulfar, ppm 150 330 150 330
All LDV/LDTL® 26.7% 43.0% 63.7% 1356%
Al LDT2/LDT3Y 23.0% 264% 337% 65.3%

LOV/LDT Ly Broken Down by NMHC+NOx Emissions with 40 ppm Sulfior Fuel
9 Lowest Emitters 26.8% 43.0% 127% 264%
O Highest Emitters 26.6% 42.1% H3Z% 84.2%

LOVZLIDT I Broken Down by the Sensitivity of NMH

C+NOx Emissions to Sulfur

9 Least Sensitive

32.2%

49.5%

3.0%

61.0%

3 Most Seagsitive

25.1%

412%

§22%

251

LBV = Hpht duty vebicle {passenger carh LDTI = Hehodwy ek, class )

PLDTZ = fight duiy fruck, olass 20 LT 3 o lght duty wuek, ciass 3

These cmission bmpacts are very significant, particularly for NOx emissions, For

example, the data indicate that if 3 LEV LDV emits 0.30 grams per mile (g/mi) NOx with 40
paris per mailion by weight (ppm) sulfur fuel at 100,000 miles {(which is the LEV emisston
standard for NOx), this vehicle would emit 0.71 g/mi NOx with typical noe-California fuel. This
level exceeds the NO« standard for Tier 1 LDVs, which these LEVs replaced. Even in REG
arens, after implementation of the Phase 1} RFG standards in 2000 {which are expreted to result
in average sullur levels of 156G ppmy, this LEV LDV would emit 8.50 g/mi.
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Sulfur increased the emissions from every vehicle in these test programs (i.e., not one
vehicle was completely insensitive to sulfary. However, some of the vehicles were less sensitive
to subfur thair othiers. This variability is not surprising, given thal these vehicles were primarily
designed to be operated on Califormia Phase 2 reformulated gasoline, which contains less than 40
ppin sulfur on average. As mentioned above, vehicle manufacturers may be able to directionally
reduce the impact of suifur in future vehicles,

To iHustrate this variability, the impact of sulfur on four subseis of the 18 varque LDV
and LDT s texted in the two industry programs are alse sununarized in Table Et, The impact of
suifur on NMHC eoissions from the sine vehicles with the lowest RMHC+NOX emissions on
California-like 40 ppm fuel s exsentially the same as the Impact of sulfur on the remaining aine
vehicles. However, the impact of salfur on NOx omusions from the nine vehicles with the
lowest NMHC+NOx emissions on California-like 40 ppmn fucl is much greater than the impact of
sulfur on the remaining nine vehicles. This ts consistent with the overall rend observed that
sulfor’s impacy, particnlarly on NOXx, increases as the oversll siringency of amission conirol
increases.

At the same thme, NOx cmissions from the nine vehicles showing the lcast sulfur
sensiiivity {n terms of NMHC+NOx emissions) are much less sensitive 1o selfur than the
remaining nine vehicles. The opposite is true for NMHC emissions, because the change in NOx
emissions with higher sulfur is much greater than that for NMHC.

EPA cxpects that auto nianufacturers should, i general, be uble 1o reduce the suifur
sensitivity of LEVs and ULEVs to that of the nine Jeast sensitive vehicles, Haowever, one factor
not rellected in these data is the'need 1o meet stringent emission standards, applicable during
periods of aggressive driving und use of the aiv conditioner, starting in 2001, These “off-cycle™
standards will place additional limits on the fuel management strategy and catalyst designs used
by manufacturers. Io particular, more precise air-fuel mixture control will likely be required.
This could climinate one method which appears to reduce sulfur’s envission impact, wide swings
in the air-fuel ratio. Future Tier 2 vehicles may also have o meet more sirtngent emission
standards than today's LEVs, which could further Hinut the manufacturers’ choices for emission
contrel system designs, EPA plans to further analyze the emission data produced 1n these test
programs 1o determine the degree that off-cyele standards would affect manufocturess” abilities to
design: cmission control systems with lawer sulfur sensitivity,

Whilce sulfur has a large impact on emissions from current low-cmission vehicles,
techinological advances are also being made o improve the fuel ¢fficiancy of the nation’s
vchicles., Gasoline direct injection engines and foel eells are two of the advimeed powerplants
beiag develaped. Both of these technologies may be more sensitive to sulfur than current
vehicles; current designs of these powerplants can tolerate very litthe gasoline sulfur. Therefore,
gasoline sulfur removal is not only imporiant to maintuin the emission contrel potential of
current vehicles, but is being highlighted by many as an important technology cnabler in the
future.
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Finally, the automotive industry has expressed concern that sulfur will also interfere with
the on-board diagnostics (OBD) systems designed (o monitor catalyst performance. OBD
catalyst monitors utitize oxygen sensors which incorporaie catalytic waterials which can be
compromised by sulfur much like the exhaust catalyst. EPA has cvalualed the impact of suifur
on OBD catalyst monitors in the past and determined that any sigaificant impacts should be
limited to a few specific model Hines. EPA is willing to address any sulfur-related OBD
complinnce prablems on a model-specific basis during certification,

Fuel and Vehicle Enission Controls as a System

Vehicles should be dexigned to meet enissions standards based, in part, upon the range of
fueds that are used 1o cortify the emissions performance as well as the range of fuels likely to be
encountered in-use. Currenily, the test Tuels used by indusiry and EPA for federal vehicle
ceritfication reflect a narrow range of permitted fuel specifications and can differ substantially
from the gasolines actually sold nationwide, particularly with respect o sulfur content. The
sulfur level of the test fuel generally used in federal certification is typically less than 100 ppm,
often approaching that of Califormta certification fuel, which averages about 30 ppm sulfur.
However, while California restricts the solfar coment of commercial gasoline to about 30 ppm on
average, gasolines sold outside of California average over 30 ppm sulfur. Even federal Phase 2
reformulated gasoline, which will not be available untit 2000, is expected to average 150 ppm,
still well above that of typical foderal certification test fuel.

For Tier | and earlier vehicles, this difference in sulfur levels hetween certification test
fucl and commgreial gasolines probably did not affect the emission control technology selected
for use by automakers, since sulfur's effect on emissions from these vehicles was smaller. With
advances in emission control technology, this is no longer the case. Therefore, the arguments in
favor of changing the sulfur coment of certification test (uel to mateh that of conunercial gasoline
arc increasing. The oaly issuc is whether the sulfur content of certification test fuel should be
increased or that of commercial gasoline reduced, or both,

Increasing the sulfur content of the certification test fuel would either increase the
stringency of the Tier 2 standards (by requiring the same level of emission reduction with a
higher sulfur fucl}, or result in numerically higher standurds than would otherwise be established
{to accommodate the sulfur impact). Reducing the suifur content of commercial gasoline would
do the opposite. It would alse reduce emissions from the curremt fleet of vehicles, reduce sulfur
dioxide and sulfate emissions from all vehicles, and potentially enable advanced low emission
and fuel efficicnt technologies. These are the options available for addressing the currens
difference in sulfur levels between typical cortification st fuels and commercial fuel.
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Reducing the Sulfur Content of Commercial Gasoline

Sulfur occurs naturally in crude oil. As crude oil is refined, some of the sulfur ends up in
gasoline. The amount of sulfur in the gasoline from any particular refinery can vary widely
depending on the specific crude oil processed and the processing capability of the refinery.

While a number of refinery processing options are available to reduce the sulfur content
ol gasoline, the most likely technique would be 1o remove most of the sulfur from the producis of
the refinery’s fluidized catalytic cracker (FCC) which typically end up in gasoline. These FCC
products are the source of the great majority of sulfur in gasoline. Just as current sulfur levels
vary between refinerics, the cost of removing sulfur varics, as well,

Significant sultur reductions would likely require investment in new relinery processing
hardware, as well as increased operating costs. EPA, with help from the Department of Encrgy
(DOE), has developed preliminary estimates of the cost to control sulfur from current average
levels of all the gasoline produced in the Northeast and the Gulf Coast of the U.S. (see Table E2).
MathPro, Inc. has also projected sulfur reduction costs for these refincrs, plus those in the
Midwest, under contract to the American Petrolcum Institute (API). Both of these sets of
projections are based on current sulfur removing technologies. As can be seen, the projected
costs of sulfur removal incrcasc substantially as sulfur is reduced from 100 ppm to 40 ppm. The
MathPro/API projections are higher than those of EPA and DOE for control to 150 ppm and 100
ppm sulfur, but below the low end of EPA/DOE’s projected cost range for 40) ppm sulfur. EPA
and DOE are currently pursuing estimates of the cost of reducing sulfur levels for Midwest,
Rocky Mountain, and Far West refineries.

Table E2. Preliminary Sulfur Reduction Costs (cents per gallon)
Sulfur Control EPA/DOE: Northeast and Gulf API/MathPro: Northeast, Midwest
Level (Average), Coast Refiners With Current and Gulf Coast Refiners With
ppm Technology Current Technology
150 1.1-1.8 2.7
100 1.9.3.0 34
40 5.1-8.0 5.1

While conventional technology is capuable of reducing the sullur content of gasoline, EPA
has recently learned of emerging sulfur removal technologies which purport 1o be much less
costly. Companics which license these technologies estimate that the cost of reducing sulfur to
40 ppm (on average) is about 1-2 cents per gallon. EPA and DOE are currently evaluating these
technologies to assess whether these projected costs are reasonable. If so, then these new
processes would dramatically reduce the projected cost of sulfur control.
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Sulfur Control Program Considerations

Pramestic and overseas automukers recently jointly petitioned EPA (o imiplement an 80
ppin sulfur cap on all gasoline sold nationwide starting i 2004, {This cap is expected to result in
an average sutfur fevel of about 40 ppm.} Several suate organizations as well as automotive
catalyst manufacturers have mude stpular recommondations, In contrast, the trade organizations
representing the majority of gasoline refiners have proposed a regional sulfur reduction program.
Under this proposal, gasoline sulfor would be Bmited to 130 ppm on average in a 22-state region
during the sunimer, with a 300 ppm average sullur rextriction on goasoline sold elsewhere during
the surmmer,

Clearly, a broad consensus now exists that the sulfor content of commercial gasoline must
be reduced to protect the current investments being made in vehicle emission control
techuologics and to facilitaic the achicvement of even more stringent emission standards in the
future. Questions remain regarding the appropriate level and form of the sulfur liimit. The level
of sulfur reduction, and whether the limit is based on a refinery average or a per-gallon
maximum, will depend primarily on the Tactors already discussed. Once the technical concerns
of the emission control systems are answered, the greatest difference between a sulfur standard
based on average levels and one based on an absolute cap on sullur content les in the
implications for compliance and enforcement of the requirement. An averaging standard would
increase the recordkeeping and reporting requirements, and may necessitute the lmplementation
of periodic surveys to ensure compliance not just al the relinery, byt at the retail level. In
addition, the identification of the appropriste level of sulfur control will belp determine if
gasoline sulfur levels must be fairly consistent over time and over different covered areas.
Otherwise, compliance and enforeement will have to be designed (o ensure that there are not
great variations in sulfur levels hetween cities.

While the specific sulfur limat will be based fargely on vehicle techneology needs, the form
of the sulfur program will be based, in part, on two additional factors: regionalily and
scasonality. I the vzone benefits of Tier 2 standards are of primary importance, os assumed by
the refiners” assoctations proposal. a regional program could be defined to encompass most of the
mrojected future ozone non-altainment areas, and could be designated only for the time of year
when ozone is most problematic. Limiting sulfur control o specilic regiony of the country or to
a spectfic scason would likely reduce the cost of the program, as the cost of removing sulfur
increases as more gasoling is affected. Under a regional program, refiners who find it less
expensive to reduce sulfur will supply the majority of low sulfur gosoline, while others refiners
would siill have a market for higher sulfur fuel, Compliance costs under 4 program involving
mulliple sulfur levels would be somewhat more costly, however, since fucls would likely have to
be segregated and complisnce from the refinery (o the retail level would have to be ensured.

A key requirement for a regional sulfur program 1s that the inpact of sulfur be reversible,

That is, emissions would retum to their original low levels once use of high sulfur fuel ceased.
While the available test duta are limited, some vehicles™ emissions appear to be reversible, while
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pthers” are not easily reversible. The same factors deseribed above which determune the
seasitivity of a catalyst to sulfur {catalvst design, air-fael ratio, and temperature) also appear to
affect the euse of reversibility, Likewise, the reversibility of the sulfur effect could be impacted
in the future by off-cycle emission controls. While the existence of sulfur reversibility would not
in iiself be sufficient reason to focus on a regional or seasonal sulfur program, its absence would
be sufficient to only consider national and year-round sulfur limits. Also, any degree of
irreversibility effectively increnses the s£ringcnby of the emission standards for auto
manufacturers andfor increases their in-use Habibity, since vehicles tested in an in-use recall
program {even if wested with low sulfur fuel) could have been operated on higher sulfur fuel at
some point in their lives.

Just as there are many benefits to a regional control program, there are nunerous reasons
for a single national sulfwr standard. The Tier 2 vehicle standards are expecied 10 apply
nationally {e.g., all states except California); & single commercial gasoline sulfur standard
apphcable nationwide (all states except California) would allow vehicle munufacturers (o design
these vehicles for a single in-use federal fuel, instead of a range of in-use fucls. A single
nationwide sullur standard (particularly a per-galion Hinit} would simplify the enforcement of the
requirement and may decrease the possibility of sulfur-induced OBD probiems. Local areas with
inspection and maintenance (M) programs which lay outside of a sulfur control region would
also avoid the necd for special procedures and cut-points to compensate for their higher fug)
sulfur levels., Furthemuore, many of the emission reductions associated with the potential Tier 2
stundards and gasoline sulfur reduction would be heneficial nationwide {c.g., reductions in
particutate matter {PM} formed from VOUC, NOx, and oxides of sulfur {(80x) emissions,
reduclions in air 1oXic emissions, &), A national sulfur Hmiowould alse be desirgble iF lower
sulfur levels were needed to pormit the future introduction of vehicle weehnologies which provide
signdicant reductions in emissions or fuel consumption. Californty and Jupan have imposed
stringent sulfur limits and Ewrope will decide on a stringent sulfor limit shoretly, Thus, without
simitar sulfur imits throughout the U.S., advanced technology designed for these markets may
not be available in the US.

One additional argument for a national sulfur standard s that many arcas outside of the
region covered by the refining industry proposud are projecied to only marginally attain the ozone
standard in the future. I these areas experience cconomic and population growth, additionad
reductions in VOC and NOx emissions will likely be necessary o ensure maintenances of the
ozone standard, Thus, it is not clear that 2 regional strategy similar to the region identified by the
refiner associations is sufficiently large to ensure that ozonc-related benetils oceur in every area
where they are needed.

The costs of a national program, however, are likely to be substuntially greater than for a
regional program. Controlling every gallon of gasoline will require that all refiners take action;
there would be no market to accommodate the gasoline that is most expensive to control. Given
that there are some regional variations in the sulfur content of gasoling, and that some refiners are
betier positioned than others o reduce gasoline sulfur, a national program could result in
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significant variations in costs between regions, and individual refiners in some regions could

.experience greater economic hardship than the average refinery. The higher production costs of a
national program could be offset in part by lower relative compliance and enforcement costs, but
that depends on how the program is designed.

EPA’s Next Steps

Bascd on the data and information obtained to date and the consensus among a wide
variety of stakeholders, EPA staff recommend that the Agency develop proposcd gasoline sulfur
standards to be implemented coincidentally with the implementation of the planned Ticr 2
cmission standards for LDVs and LDTs. There are many issues, such as the health and welfare
benefits of gasoline sulfur control, which will need to be addressed as EPA proceeds. This Staff
Paper is intended to further dialog on these issues, and foster further rescarch.

To identify the appropriate actions, EPA will work closely with all stakcholders. In May,
1998, a public workshop will be held to discuss the technical issues raised in this Staff Paper.
Throughout the coming months, EPA will continue to interact with individual companies, trade
organizations, the statcs, and environmental interests to determine the best approach to dealing
with this issue.
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EPA Staff Paper on Gasoline Sulfur Issues

1. Introduction

The U.S, Environmental Protection Agency {EPA} is congidering setting limits on the
sulfur content of gasoline at this time primarily because advanced automotive catalysts arc mare
susceptible to poisoning by higher sulfur levels.! This susceptibility to poisoning has become a
critical issue as motor vehicle emission standards have become more stringent. Setting a limit on
sulfur content would also reduce emissions from current technology vehicles, The serics of
reports published by the joint efforts of the automotive and oil industries {Auto/OilY and other
studics in the carly 1990 demonstrated that higher fuel sulfur jevels increased non-methane
hydracuarbon (NMHC). carbon monoxide (CO), and oxides of nitrogen (NOx ) emissions. With
Tier } and Tier | vehicles, sultur levels up to 504 paris per million {(ppm) 1ncreaved ensssions by
up to 15.20 percent (%) over emissions with sulfur levels around 40 ppm. While the effect of
sulfur was significant, u-use levels of sulfur did not play a substantiad role in defining the types
of catalysls vsed on motor vehicles mesting Federal Trer O or Ter 1 standards,

Recent advances in both engine controls and catalyst designs have allowed a number of
cureent production models o meet cither California’s low emission vehicle (LEVY or ultra-low
ennission vehicle (ULEVY) standards without huving to resort to novel emission control
technaiogy, such as elecirically heated catalvsts or hvdrocarbon (HC) adsorbers, or to fuels other
than gasolime. However, very recent test data show that emissions from vehicles designed to
mect these LEY and ULEY standards can more than double with the use of higher sulfur
gasoling, The seasitivity of these currest LEVs and ULEVs 1o sulfur 18 a great cause of concern.
some LEV have already begun to be sold in Northeast states under state-adopted California
LEY programs and the recently established National LEV (NLEV) program. More LEVs will be
sold nationwide beginning in 2001 under NLEV. Higher sulfur levels have the potential 1o
significantly reduce the benefits of the NLEV program if left unchanged.

EPA I8 also i the process of evaluating whether potential federal Tier 2 standards should
replace the NLEV program in 2004, EPA recently published a draft study mandated by Congress
of the air quality need for and the feasibility and cost effectiveness of Tier 2 Stundards.? EPA
plans fo follow this study by the end of 1898 with a notice of proposal for Tier 2 standards, As
the emissien control technology used to meet potential Tier 2 standards could be very simitlar in
design 1o that used on LEVs and ULEVs, emissions from potential Tier 2 vehicles could also be
very sensitive to sulfur and impede progress in developing emission controls capable of meeting

' Sensitivity §s used herein to refer to the percenlage change in emissions for a spacified change in fuel
sulfur content {e.2. 30% emission increase Tor an increase in sullur from 40 16 300 ppa},

E Av/0i Alr Quality Improvement Research Program, various publigations, 1992-1994.

POULLEEPA, "Tier 2 Bwdy.” Deaft Report o Congress, April 23, 1998,
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more stringent emission levels. Thus, EPA has decided to evaluate the need for limits on the
sulfur content of commercial fucl which would be developed in conjunction with the potential
Ticr 2 standards and proposed in the same time frame. This paper 1s the first step in the process
of developing these commercial fuel sulfur limits.

The remaining sections of this paper discuss:

1) The interactions between sulfur and vehicle technology, including the cffect of sulfur on
emissions from LEVs and ULEVs, the ability of these vehicles to recover their emission
performance after temporary operation on high sulfur fuel, and the effect of fuel sulfur on
advanced vehicle technology designed for high fuel efficiency or extremely low
cmissions; '

2) The impact of sulfur control on refinery operations, including the technology used to )
reduce sulfur levels, the cost of sulfur removal, and the ability of the industry to make the
necessary investments;

3) Other fuel quality issues which could affect refiners’ approaches to sulfur control,
including limits on certain distillation properties of gasoline and limits on onroad or
nonroad diesel fuel properties (particularly sulfur);

4) Actions which have been taken to reduce the sulfur content of gasoline in-other countries;

5) Recommendations regarding levels of sulfur control which have been made by
stakeholders to date; and

6) The paper’s conclusions.

Before moving to these six remaining sections, it would be helpful to provide an
overview of the key factors which affect the need for gasoline sulfur control and the direction
these factors provide regarding the design of a sulfur control program for the U.S.

Tremendous progress has been made over the past several years in developing technology
to reduce emissions from gasoline-fueled vehicles, This progress has focused on two inter-
related areas: the exhaust catalyst and management of the air and fuel mixture inducted into the
combustion chamber (e.g., the air-fuel ratio). Automotive catalysts are now lar more efficient in
removing NMHC, CO, and NOx emissions than they were just five years ago. These catalysts
can also withstand much higher temperatures, which allow them to be placed closer to the
engine. This in turns shortens the time it takes for the catalyst to begin operating (“light-off™)
after the engine is started, dramatically reducing emissions. Precise control of the air-fucl ratio is
important, because the catalyst can only achieve its maximum efficiency when the air-fuel ratio is
within a narrow range. Advanced computerized enginc controls arc able to maintain the proper
air-fucl ratio over a wide range of operating conditions. At the same time, improved catalyst
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promoters within the support material {washcoat) have improved the ability of the catalyst io
withstand temporary swings in oxygen levels in the exhaust when the engine controls are not able
to precisely control the air-fuel ratio,

Sulfur interacts chemically with both the catalyst and the washcoat which manages
oxygen on the catalyst surface. Sulfur compounds adsorb onto the surface of these materials and
prevent poltutants, oxygen, and other exhaust cornpounds from interacting with the catalyst
surfaces. This inhibits the ability of the catalyst to convert pollutants into less harmful
emissions, Ermussion control technology designed lor Califormia, which has the most stringent
vehicle amission standards in the world, 15 often wsed gventually on vehicles sold in the rest of
the U.S., Burope, and Japan, so those developing emission control systems have a tremendous
incentive W develop technelogy for California. Since California restricts the suifur content of
gasoline statewide to no niore than 88 ppm, catalyst developers have focused on developing
catalysts for this low level of sulfur. They also evaluate their prototype catalysts with slightly
higher LG8 ppim sulfur fuel, as this is the typical upper linsit of the sulfur level of the test fuel
uwsed by industey and EPA i the federal motor vehicle comphiance programs {commonly referred
to as Indolenc)’ This higher sulfur fevel can significantly reduce catalyst performance.
However, thes difference (100 ppm versus 30 ppm) is small relative to the sulfur levels of current
U.S, gusoline outside of California, which averages over 300 ppr sulfur and can reach levels ag
high as 100 ppm.

in the past, this difference m federal test fuel and commercial fuel sulfur levels appeared
to cause oaly a small increase in emissions {e.g., 3-10% on average). This effect was considered
in the developraent of the NLEV program, which involves the nationwide sale of vehicles
cortifiod on California low-sulfur fuel, Given the recent tevt proprams which have demonstrated
that LEV emissions increase fo & mach groater degree {in porcentage torms), EPA staff believes
that it is not appropriaie [0 continue esting vehicles on gasoline with 50-100 ppm sulfur knowing
that thoy will be operated on high sulfur fuels in-use. The wssue is whether 1o perform
certification and compliance testing with higher sulfur levels or whether 1o reduce the salfur
comtent of commercial gasoline W levels more consistent with those prevalent in California {or ]
cambination of the two changesl.

Key factors affecting this decision inclade: 1} the offect of sulfur on LEV and ULEV-like
vechicics which will also meet other enussion control requirements effective carly in the next
contury; 2} the cost of reducing catalyst sensitivity; 3) the cost of removing suifur {rom gasoling;
43 the effect of salfur on cmissions Trom the carrent fleet {Tier G, Tier 1, und NLEY vehicles)
prior o the furnover 1o Tier 2 vehicles, and the overall health and environmental benefits
achieved by these emission reductions. These factors will be considered together, and can have
significant impacts on the ultimate level of emission controls achievable through Tier 2 vehicles.
For example, if they lead to a decision to select & commereial fuel sulfur imit above California’s,

* Indolene has typically averaged a sulfur Icve al 50.00 ppm, although recent batehies s EPA’s Ann Arbor,

M laboratory have been reported 10 contain in excess of (40 ppm,
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the degree of emassion control achicvable by future vehicles may be limited, leading to higher
rumerical Tier 2 comssion standards, Selecting a gasoline sulfur level very different from
California’s ny also reduce or prevent further advanced technologies which are being
developed for use in California from being extended to the rest of the U.S. These technologies
include further catalyst developments focused on Cakifornia’s proposed Phase [ LEV standards
(LEV-H) and others which are focused on improved fuel efficiency.

In addition to options regarding the level of the commieretal fuel sulfur standard, there
may also be oplions regarding its geographical and temporal extent, In general, the costs of
sulfur contral deerease as the region of sulfur control shrinks, but so do the environmental
benefits. For example. the potential Tier 2 vehucle standards are expecied to apply nationally. A
single sulfur standard apphicable to all conwmnercial fuel sold nationwide would allow vehicle
manufacturers to design their vehicles for a single fuel, instead of two or more.

Many of the emission reductions associated with the potential Tier 2 standards and
gasoline sullur reduction would also pridduce bonefits patonwide in addition o local benefits
sucts as ozone reductions. For example, VOO, NOx, and sulfur oxide {SOx) emissions all form
parttculate matter (PM) in the atmosphere and are transported long distances. Thus, reductions i
these emissions, regardless of their location, are likely 1o benefit areas currently not in attamment
of the PM national ambient aiv quality standards (NAAQS). Emissions of air toxies {compounds
which have been implicated tn cancer and other health concerns) also affect buman health,
regardless of the vebicles” locations,

Antonakers, state organzations, and others have recommended that BPA develop a
national maxirum sulfur bmit o ensure the benefits of sulfur control, A single, nationwide per-
gallon sulfur stmdard would tend to sioplify enforcement of vehicle emission standards relative
to an averaging standard or 1o multiple standards spplying to different regions of the country.
Bath EPA and vehicle manutacturers eould rely on the Tact that vehicles tested tn recall programs
were operated on fuels similar to those on which complinnce was originally determined.
Furthermore, caforcoment of the fued standards would be much simplified if o single, per-gallon
cap were defined,

On the other hand, represematives of the off industry have proposed a regional, summer-
only program, focusing on the ozone-related bepelits of the potential Tier 2 standards. The
majority of ozone gonattainment areas, and arcas needing {urther emission reductions in order o
maintain their compliance status, are o the East and Midwest. Also, high ozone is generally a
summertime problem. However, a sulfor control program designed o provide low sulfur fucl 10
every aren pecding further emission reductions in order 10 aitain or maintain their compliance
statas would impact every region of the country, could significantly compliciate fuel distribution,
and would niet yicld some of the other, non-ozone related benefits of gasoline swifur reductions.

The primary benefit of a regional, seasonal sullir program s cconomic, The economics
of sulfur control in a refinery are such that the cost per gatlon of control increases as the fraction
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of the relinery’s gasoline production affected by the standard increases, Therefore, a refiner can
avoid the most costly controls if it can control Jess than 100% of its gaseline production. Alse,
individual refiners face different costs of sulfur control. With a regional program, soree refiners
facing higher control costs ¢ould choose to produce fuel for sale oumside of the affected ares or in
areas with less stringent controls. While gasaline production costs would be less under a
regional control program, the cosis of transporting and storing gasoline would be somewhai
trigher, and the burdens to ensure compliance would be greater.

The most important fuctor affecting any regional or seasonal sulfur control program is the
need for the sulfur effect 1o be temporary. Vehicles are operated during all seasons and often
fravel across state Hines, Thus, under essentinlly any regional or seasonal progrum, many or all
vehicles in ozone non-atiainment and maintenance arcas would be occasionally or regulardy
fueled with high sulfur gasoline. In onder for sulfur control to reduce emissions over the lifc of
the vehicle, the emission impacis of sulfur nst only fast as long as the vehicle is being operated
on the higher sulfur fuel. This phenomenon wherchy the cmissions decrease guickly when Jow
sulfur fucl is used after having incrensed as 4 resuit of high sulfur fuel use is termed reversibility,
Reversibility 15 not a certainty, either for vehicles meeting California LEV or polential {federal
Tier 2 standarcs, or Tor those employing even more advanced designs. Some vehicles designed
to meet the LEVY standards have shown reversibility and other have not. Any significant degree
of irreversibility would essentially eliminate consideration of regional and/or seasonal sulfur
control strategies. Partial jrreversibility would increase the stringency of the emission standards
for manufacturers, since they need to design based in patt on the fuels a car will see in-use, and
vehicles tested in an in-use recall program could have been operated on higher sulfur fuel at some
point in their lives. Manufacturers must compensate for this when they set their cmission design
targets under the standards. Thus, while reversibility does not iy itself determine that a
regional/seasonal program is to be preferred over a pational program, it is a necessary component
of any rcgional/scasonal program. '

As the remainder of this paper discusses sulfur-related fssues affecting vehicles and
refincrics, constant mention 1s made of how the various factors could affect the degree of
commercial fuel sulfur control needed, as well as the natwre of the sulfur control program. The
reader is encouraged to keep these factors in mind as the details of vebicle and refinery operation
are discussed. '
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IL°  Gasdline Sulfur’s Impact en Vehicle Technologies

Tailpipe emissions from maoedern motor vehicies depend on boih the emissions coming
from the engine and the efficiency of the catalvtic exhaust aftertreatment system in converting the
HC, CO, and NOx to carbon dioxide, waler, nitrogen and oxygen® Fuel propertics can impact
bath engine-out emissions and catalyst efficiency. For example, EPA has known that a wide
range of fucl variables (Reid vapor pressure, oxygen, benzene, suliur, olefins, aromaties,
distillation properties) can affect emissions; the reformulated gasoline program is based on
control of many of these fuel propertics. Lately, limited evidence has indicated that the
emissions iimpact of some of these fuel properties is diminishing as emission control technologics
have advanced. However, recent research indicates that the emission impact of fucl sultfur may
be increasing with advances in emission control technology. The purpose of this section is to
summarize this cesearch and estimate sullur's emission impact on current and advanced vehicles,

The subfur tn gasoline ncreases exhaust emissions of HC, CO, and NOX by decreasing
the efficieney of the three-way catalyst used in current and advanced cmission control systems.
This cffect has been demonsirated through sumerous laboratory and vehicle fleet studies.® The
degree of sulfur inhibition has been shown 1o be variable and 10 depend upon bath caralyst
Formulation and vehicle operating conditions, including:

. the type of precious mictad, oxygen storage, support matertals, and washeoatl used,
* the catalyst surface arca, cell structure, and layering of the washeoat,

* the oxygen content of the exhaust, and

. the operational temperature of the catalysy

The precious oxctal type and content are sclected based on their allity to oxidize CO and
HC, reduce NO, achiove light-off temperature quickly, and be resistant to thermal aging. Only
three catalytic materials are currently available which meet these criteriar platinum (P, rhodium
{Rh), and palladiom (Pd). These precious metals and their combinations vary in their sulfur
sensitivity. Similarly, metal oxides such oy cena and others within the washcoat are selected for
their ability 1o manage the oxygen concontration within the exhaust, their ability (0 sopport other
beacficial reactions within the catalyst, and their ability to improve thermal stability of both the
washcont components and the precious maals. Improvements in the oxygen storage and release
capabilitics of catalysts have played a key role in the tramendous improvements in catalyst
efficiency in reeent years, OUxygen storage under lean conditions {excess oxygen) wiith
subsequent release under rich conditions (Jack of oxygen) reduces the sonsitivity of threc-way
catalysts o perturbations n the air-to-fuel ratio encountered during operation of the vehicle
This has particularly improved the catalyst's ability 1o reduce NO«, a the catalyst’s NOx

* Unless otherwise neied, the wom emissions will refer 1o 1ailpipe emizxions amd motor vehicle will refer w0

lighl-duty vehicles and lreuks,

* See, for exampie, Amio/Oil Alr Quality improvement Research Program, Technival Buletin No. 2,
“Effects of Fuel Sulfar on Mass Exhaust Emissions,” Februasy, 1991,
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cfficiency inherently decreases quickly as soon as excess oxygen is present on the catalytic
surface. The improved washcoats preferentially store excess oxygen until the exhaust returns to
an oxygen-poor (i.e., rich) condition. Other improvements which have also enhanced the
performance of recent catalysts include increased surface arca per volume (small cells), thinner
coatings of catalytic material, and layering of the washcoat and catalytic material.

Of the three precious metals currently used, palladium appears to be the most sensitive to
sulfur poisoning, followed by platinum and rhodium. Laboratory studies have shown that
palladiuny’s ability to reduce automotive pollutants decreases more dramatically than platinum’s.
While sullur’s poisoning effect is primarily related to its presence on the surface of the catalyst,
sulfur appears (o penetrate into palladium, but not platinum or rhodium. This penctration slows
the processes whereby sulfur can be removed from the surface of palladium relative to platinum
ot rhodium.

Of the various metal oxides used for oxygen storage and other purposes, ceria appears 10
be most sensitive and least reversible to sulfur poisoning. Sulfate penctrates the crystalline
lattice of ceria ind prevents ceria from taking up oxygen when the engine is operating lean and
giving ofl oxygen when the engine is operating rich. The mechanisms of sulfur’s interference in
both catalytic activity and oxygen storage are discussed further in Appendix A.

While sulfur is a catalyst poison, it is not necessarily a permanent poison like lead.
Stored sulfur compounds can be removed from the catalyst components under certain conditions.
The case of this removal depends on the chemical Torms of the sulfur compounds, which are, in
turn, dependent on the amount of oxygen present in the exhaust, the exhaust temperature, and the
composition of the precious metals and other components of the catalyst. Sulfur from the fucl is
oxidized during combustion to sulfur dioxide (S0O,). Under lean conditions, the SO, can react
with metal oxides within the washcoat to form sulfates. This can be a particular problem with
washcoats having a high ceria content. Sulfation of ceria reduces the ability to store oxygen
within the catalyst, and inhibits other important chemical reactions that arc helpful in promoting
high catalyst c¢fficiency. Similarly, under rich conditions, SO, is dissociated and the resultant
sulfide strongly adsorbs onto precious metal surfaces. The adsorbed sulfide reduces the ability of
HC, CO, and NOx to adsorb onto the surfaces and undergo the reactions necessary Lo oxidize or
reduce them. Laboratory studics also suggest that sulfur increases the temperature required (o
“light-oft™ the catalyst after a cold engine start, as well as decrcasing catalyst efficiency after
warm-up.” Depending on these factors, high temperatures (650 to 700°C) and either rich
operation, lean operation, or both, may be necessary to remove the sulfur compounds from the
catalyst and reverse their adverse cffects on catalyst performance after the vehicle has been
refueled on lower sulfur gasoline,

T Light-off lemperature refers (o the lemperature {i.e., 350 10 400° C) at which the catalysl conversion
clficiency reaches a specified, minimally acceptable level {e.g., 50%).
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Laboratory studies provide excellent insight into the chemical mechanisms involved in
the interaction between sulfur and the catalytic converter. However, these studics have
limitations in predicting the impact of {ucl sulfur on vehicle emissions. Their primary limitation
involves the conditions of the experiments. Laboratory studics are usually conducted under
conditions where the active surface of the catalyst is the limiting lactor in determining catalyst
efficiency. This is purposely done in order to observe the impact of sulfur most clearly.
However, on a vehicle, operating conditions vary dramatically, Depending on the design of both
the engine and the catalytic converter, other factors not affected by sulfur may limit overall
catalyst performance. In these cases, the impact of sulfur on vehicle emissions will be less than
obscrved in the laboratory.

Several vehicle fleet studies have been performed over recent years. These studies have
demonstrated that significant reductions in HC, CO, and in particular, NOx emissions can be
realized by reducing fucl sulfur levels. Although the results of these studies are in general
agreement with taboratory results, there are some noticeable differences. Laboratory studies
consistently show a significant degree of catalyst inhibition due to sulfur, whercas results from
vehicle studies show a high degree of variability. This suggests that other factors can have a
significant impact upon the degree of sulfur inhibition. Vehicle studies also indicate that sulfur
has the greatest effect on emissions during warmed-up operating conditions. This suggests that
the sulfur effect on catalyst light-off times reported in recent laboratory studics may not be as
significant as shown in earlier laboratory studies.

This chapter cxamines the data which arc availablc to cstimate the impact sulfur has on
today’s cars and light trucks. Information is also presentied about the reversibility of this sulfur
impact (how guickly and completely the sulfur effect is reversed upon fueling with lower sulfur
fuel). The chapter presents projections about how sensitive future technologies may be to sulfur,
using test data and information gathered from recent test programs and from discussions with
automotive and catalyst manufacturers. Finally, this chapter presents information on how sulfur
impacts the operation of the catalyst monitoring systems known as on-board diagnostics (OBD).

A Tier () Vehicle Emissions

A number of vehicle test programs were conducted in the early 1990's which cvaluated
the cffect of fuel sulfur on emissions from Ticr O vehicles (vehicles manufactured through 1993).
These included test programs by the Auto/Oil Air Quality Rescarch Program (Auto/Oil), EPA,
and others. In 1993, EPA statistically evaluated all of the available data on vehicles which were
technologically equivalent to 1990 model year vehicles and used the results in the Complex
Model, which is used to evaluate compliance with federal reformulated gasoline requirements.
The Complex Model predicts the impact of sulfur on tailpipe cmissions for both normal- and
high-emitting vehicles. Based on this model, the impact of reducing sulfur from the current
national average of 330 ppm to 150 and 40 ppm is summarized in Table 1.
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Table 1. Decrease in Emissions with Fuel Sulfur Decreasing from Average
In-Use Level (330 ppm) for Tier 0 Vehicles [Source: EPA Complex Model]

NMHC

CO

NOx

150 ppm

40 ppm

150 ppm

40 ppm

150 ppm

40 ppm

Normal Emitters

4.6%

13.0%

4.4%

12.6%

5.0%

11.1%

-(1.4%

-0.6%

3.5%

10.4%

1.7%

6.1%

High Emitters

The cquations in the Complex Model are exponential in form.? Since developing the
Complex Model, a number of investigations into the effect of sulfur on emissions from Tier O
vehicles have concluded that other equation forms, such as logarithmic or square root, may betier
represent the sulfur-emission relationship,  Such alternative equation forms would likely show
only small deviations from the Complex Model in the range of 330 - 150 ppm, but may show
large deviations from the Complex Model in the range 150 - 40 ppm. The Agency is currently
evaluating the most appropriate form of the sulfur-emission relationship for Tier O vehicles in the
context of revisions (o the MOBILE® modcl.

In performing the analyscs to support the Draft Tier 2 Study, EPA made a number of
modifications 10 MOBILESD o reflect more recent cmission data which has become available
since the model was developed in 1993, The result of these modifications is that the great
majority of in-use Tier ) vehicles are now projected to be normal emitters. Therefore, the sulfur
impacts shown above for normal emitters now appear to be the most relevant to the Tier O
vehicle fleet as a whole.

. Tier 1 Vehicle Emissions

Only one test program has been performed evaluating the impact of sulfur on cmissions
from Tier | vehicles (vehicles manufaciured 1o meet the emission standards which took elfect in
1994). Auto/Oil tested six carly Tier 1 light-duty vehicles (LD Vs) on two sets of otherwise
identical fuels containing nominally 40 ppm and 330 ppm sullur. The results of this test program
arc shown below in Table 2. All of the vehicles tested met the Tier 1 emission standards, so they
would all be considered normal cmitters. As can be seen, the effect of sulfur on Tier 1 emissions

* The cquations are in the form of an exponential of a polynomial, though the behavior of the model very
closely follows polynemial curvature.

* MOBILE is a model developed by EPA for predicting in-use emissions for an entire fleet of motor
vehicles (vehicles of different types and ages) in a specified calendar year. The most recent version of the madel is
MOBILESh. EPA is currently working on the next version of the model, which will be called MOBILEG,
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of NMHC and CO are somewhat greater than those observed for normal emitting Tier § vehicles,

while that for NOx emissions 1y essentially the same.

Table 2. Decrease in Emissions with Fuel Sulfur Decreasing from Average

In-Use Level (330 ppm) for Tier 1 LI¥Vs{Soorce: Antof0id AGIRP]

NMHC . €O NOx
I3 pp | 40 ppm (50 ppm | 40ppm 150 ppm 40 ppm
Normal Emitiers 16.3% 16.4% . 11.0%

C. LEV and ULEV Emissions

Two test programs evaluating the impact of sulfur on emissions from LEVs and ULEVs
were recently completed by (he Coordinating Research Council (CRC) and the auto industry.
The CRC program consisted of twelve 1997 LEV passenger cars, representing six different
models from five different vehicle manufactueers, The vehicles were tested with fuel sulfur
tevels of 40 (the baseling level to represent California cenification and in-use fuel sulfur levels),
100, 150, 330, and 600 ppm. The remaining propertics of the fuel represented national averages.
The vehicles were first tested in an “as received” condition (average vebicle mileage of 10,000
miles) and with the catalysts bench-aged to simulate 100,000 miles of operation (although the
OXypen sensers were original, low mileage sensors),

The auto industry testing was performed by meinbers of the American Automobile
Munufacturers Association (AAMAT and the Association of International Autotnobile
Manufucturers {AIAM). The AAMA/ATAM program consisted of 13 praduction and production-
ntent LEY and ULEV LDVs and eight LEV and ULEV light-duty trucks (LDTs). A total of 1en
vehicle masufacturers participated i the program. The vehicles were tested at the same sulfur
levels as the CRC program. The other fuel properties were those of California Phase
certification fuel. Al vehicles were equipped with aged components to simulate 100,000 miles.

The resolts of the CRC and AAMA/AIAM programs have been combined.™ Table 3
shows the percent increase tn emissions associated with increasing the fuel sulfur fevel from 40
ppm to 150 ppm and 330 ppm, respectively, for both LDVs and LDTs designed to mzet the LEV
and ULEV standdards, Oaly the H00.000-mile data are presented.  Analogous impacix Tor the Tier
{0 and Tier | vehicles discussed above are shows for comparison.

¥ The west results from cach pair of LEVs in the CRU test progrem were averaged and assumed to ropresent
a single vehicle, The rosults for vehicles from the same mude! Hae and cortifiod set of smission siandards which
werg waied in both the URO and AAMAJATAM fest programs were also averaged and pisumed o represent s single
vehicle,
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Table 3. Increase in Emissions with Fuel Sulfur Increases from Baseline (40 ppm) for

LEVs and ULEVs (LDVs and 1.DYTs) and Older Vehicles
{Source: CRC and AAMAZAIAM Test Programs}

Polintant . NMHC CO NOx
Sulbur, ppm 150 ppm | 330 ppm | 150ppm | 330ppm | 1530ppm | 330 ppm
LEV and ULEV, LI3Vs and LDTs
AILLDVADTL? 26.7% 43.0% 58.0% 75.8% 63.7% 136%
ANLDT2/LDT3® 23.0% 26 4% 12.5% 31.2% 33.7% 63.5%
LDV/LIITLs Broken Down by NMHC+NOx Emissions with 40 ppm Sudfur Fuel

O Lowest Emitiers | 26.8% | 44.0% 127% 264%

9 Highest Emitters 26.6% 42.1% - - 41.2% 84.2%
LEOVALDT Broken Down by the Sensitivity of NMHU+NGOx Epassions to Sulfur

9 Least Sensitive 32.20% 49.5% e e 3.0% G61.0%

9 Most Seasitive 25.1% 42.2% e —e- 122% 251%

Fier 1 LDV
Nornat Emitters e 20.9% e 21.1% --- 13.6%
Fier 8 LDVs and LDTs
Normal Emitters 5.9% 16.3% 57% 15.8% H.4% 13.8%
High Emitters £3.6% ~1.6% 4.7% 12.9% 23% 7.6%

These results indicate that LEV and ULEV emission control technolngies being utilized
on LDVs are, on average, much more sensitive to sulfur than Tier 0 or Tier | technology. For
example, the poreentage increases in NOx emissions for LEV and ULEVY LDVs are roughly 10
tinies greater thany those for Tier G and 1 vehicles. Bmassions (rom the LEV and ULEV LDTs arc
abso roove sensitive than the Tier 0 and Tier § vebicles ested earlier. but 1o a much lesser extent,
The LIDTs had o higher level of base emissions on 40 ppmi sulfur fuel, which may indicate that
their technology differs fess dramatically from the Tier 1 LDVs tested carlier.

With respect to both LDVs and LDTs, the seasitivity of individual LEV and ULEV
maodels (o sulfur varies deamatically. The impuct of suifur on four subsets of the 18 LDVs and
LET s tested in the two test programs are also summarized in Table 3,

The first bregkdown of these vehicles was performed according to these vehicles'
baseline NMHC+NOx cenission kevels on 40 ppm sulfur fuel. The impuct of sulfur on NMHC
emissions from the nine vehicles with the lowest NMHC+NOx emissions on Calilonis-like 40
ppin fuel is essantially the same as the impact of sulfur on the remaining ning vehicles.
However, the impact of sulfur on NOxX emissions from the nine vehicles with the lowest
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NMHC+NOx emissions on California-like 40 ppm fuel is much greater than the impact of suliur
on the remaining nine vehicles. This is consistent with the overall trend observed that sulfur’s
impact increases as the overall stringency of emission control increases.

The sccond breakdown of these vehicles was performed according to their sensitivity to
sulfur. This sensitivity was defined as the percentage change in NMHC+NOx ecmissions per
change in sulfur concentration.' NOx emissions from the nine vehicles showing the lcast sulfur
sensitivity (in terms of NMHC+NOx emissions) increase less than half as much due to high
sulfur Icvels than the original 18 vehicles. However, the effect of higher sulfur levels on NMHC
cmissions from these nine least sensitive vehicles is roughly the same as the original 18. This is
due to the fact that the change in NOX emissions with higher sulfur is much greater on average
than that for NMHC emissions. Thus, the selection of the least sensitive vehicles in terms of
NMHC+NOx enussions was roughly the sclection of the least sensitive vehicles in terms of NOx
cmissions. As it turned out, thosc vehicles with the lcast sulfur sensitivity towards NOx
emissions had slightly greater than average sensitivity towards NMHC emissions.

The sulfur sensitivity of the 9 teast sensitive vehicles suggests that there are aspects of the
cmission control system that can be modified to reduce the average sullur sensitivity of the LDV
{lect in the future, 1t is likely that auto manufacturers should, in general, be able to reduce the
sulfur sensitivity of futurc vehicles 1o that of the nine least sensitive LEVs and ULEVs.
However, one factor not reflected in these data is the need to meet stringent emission standards
applicable during periods of aggressive driving and usc of the air conditioner starting in 2001,
These “off-cycle™ standards will place additional limits on the fuel management strategy and
catalyst designs used by manufacturers. In particular, more precise air-fuel mixture control will
likely be required. This could eliminate onc method which appears to reduce sulfur’s emission
impact, wide air-fucl ratio swings. Future Tier 2 vehicles may also have to meet more stringent
cmission standards than today’s LEVs, which could further limit the manufacturers’ choices for
cmission control system designs. EPA plans to further analyzc the emission data produced in
these test programs to determine the degree that off-cycle standards would affect manufacturers
ability 1o design emission control systems with lower sulfur sensitivity.

D. Sulfur Reversibility

Sulfur has an almost immediate cffect on catalyst performance, with the sulfur level of
the fuel primarily impacting the speed with which the catalyst is affected. One tankful of fuel
containing high levels of sulfur will inhibit catalyst performance to essentiatly the same degree as
several tankfuls of fuel with somewhat lower sulfur content. However, the return of catalyst
performance upon refueling on low sulfur fuel is not as prompt with the higher sulfur fuel.

" Mathemalicully, this sensitivity is the sum of the percentage change in NMHC emissions multiplied by
the base NMHC emissions plus the percentage change in NOx emissions multiplied by the base NOx emissions, all
divided by the sum of base NMHC emissions plus base NOx emissions.
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The potential reversibility of the sulfur effect could have substantial consequences for the
design of a comnmercial sulfur control program. If sulfur’s effect on catalyst perforniance is not
substantially reversible, sulfur controls must be uniform nationwide and year-round, as the
benefits of a regional sulfur control program would be permanently compromised whenever
vehicles traveled between low and high sullur areas. Similarly, under these circumstances a
seasonal sulfur control program would compromise essentially all vehicles’ emission
performance since higher sulfur fuel would be used part of the year. On the other hand, if the
sulfur effect 1s quickly and completely reversible, this may enable control of commercial fuel
sulfur regionally and/or seasonally. However, the other benefits of nationwide sulfur standards,
enablement of future engine and emission control technology, and reductions in ambicnt PM,
etc., would still nced to be considered before a regional control program could be determined to
be appropriate,

in an effort to better understand and quantify sulfur reversibility, EPA reviewed the
available literature, including a literature review submitted to EPA by the American Petroleum
Institute (APD).'? EPA found that a number of laboratory studies have been performed to
understand the nature of sulfur’s impact on catalyst performance and the reversibility of this
impact. In eontrast, relatively few vehicle test programs have been performed to investigate
sulfur reversibility. The vehicle test programs discussed above utilized special procedures when
vchicles switched from onc fucl to another to ensure that no sulfur-related effect was carricd over
from the previous test fuel. These procedures generally involved vehicle operation which is not
typical of in-use driving. Thus, these programs provide little insight into the reversibility of the
sulfur impact under typical in-use driving conditions.

In addition to this information from the technical literature, EPA has obtuined data from
individual companies that suggest sulfur is casily reversible for some vehicles and not casily
reversible for others during normal driving. For example, Chrysler provided sullur reversibility
data for a 1997 LEV-certified Dodge Neon. Emissions were measured with 40 ppm lucl, with
800 ppm fuel after 300 miles of in-use operation with 800 ppm fucl, and then again on 40 ppm
sulfur fuel after about 100 miles of light urban in-usc driving with 40 ppm fuel. Figures ta, b,
and le¢ show that CO and NOx emissions returned to the baseline 40 ppm sulfur levels upon the
return o 40 ppm fuel, while NMHC did not. This suggests that CO and NOx performance was
reversible after this type of driving, while NMHC performance was irreversible. It should be
noted that even though NMHC did not recover, the increase in NMHC emissions at 800 ppm was
only 13% over the emissions on 40 ppm sullur fuel, which is much smaller than the average
sulfur impact on LEV cmissions summarized in Table 3 above. To return the NMHC cmissions
to their bascline, 40 ppm sulfur levels, Chrysler operated the vehicle through a number of severe
accelerations to increase catalyst temperature and obtain a rich exhaust mixture.”? This procedure
rcturned the NMHC emissions to the original level.

'* Truex, Timothy J., "Potential for Improved Sulfur Tolerance in Three-Way Automotive Catalysts,”
Center for Environmenital Research and Technology. University of Califernia at Riverside, November 26, 1997.

'* Five 1o 10 wide-open throtde accelerations from 30 to 70 miles per hour.
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Figure la: Sulfur Reversibility Study on a 1997 LEV
Dodge Neon Effect of Sulfur on NMHC Emissions
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“igure 1b: Sulfur Reversibility Study on a 1997 LEV
Dodge Neon Effect of Sulfur on CO Emissions
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Figure lc¢: Sulfur Reversibility Study on a 1997 LEV
Dodge Neon Effect of Sulfur on NOx Emissions

Ford also provided EPA with emission data to demonstrate the ability to reverse sulfur’s
elfect on the catalyst used in a ULEV Escort. Ford tested the Escort sequentially on 40 ppm, 600
ppm, and 40 ppm sulfur fuel, operating the vehicle through the same scries of severe
accclerations performed by Chrysler on the Dodge Neon. This severe operation did not return
catalyst performance to its bascline, 40 ppm level. Ford then repeated these accelerations with
the vehicle’s fuel controls modified (o provide a very rich exhaust mixture. Figures 2a, 2b, and
2¢ show the emissions from the Escort during this test program. As can be seen, NMHC, CO,
and NOx cmissions did not fully recover after refueling with 40 ppm sulfur fuel and the series of
severe accelerations.  However, with the cxcessively rich engine calibration, the cmissions
performance for all three pollutants recovered fully.

While this excessively rich operation would not typically occur in-use with this vehicle, it
is even more unlikely to occur in the future because EPA’s new off-cycle emission standards,
governing emissions oceurring during acceleration and while driving with the air conditioning
system operating, will dramatically reduce the amount of time vehicles operate rich." As
described at the beginning of this chapter, this can have consequences for sulfur reversibility.
Therefore, it is important to understand how the amount and degree of rich operation occurring
with today’s vehicles impacts the degree of sulfur reverstbility scen with these vehicles.

'* Phase-in of these requirements begins with model year 2001.
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Figure 2a: Sulfur Reversibility Study on a ULEV
Ford Escort Effect of Sulfur on NMHC Emissions

Figure 2b: Sulfur Reversibility Study on a ULEV
Ford Escort Effect of Sulfur on CO Emissions
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Figure 2¢: Sulfur Reversibility Study en a ULEVY
Ford Escort Effect of Sulfur on NQx Emissions

Finally, APl provided EPA with data for a 1995 Marzda Protegd transitional low emission
vehicle (TLEV) equipped with an enhanced catalyst that allowed the vehicle to meet LEV
standards with 40 ppm sulfur fuel. The vehicle was tested twice ot 4{} ppm, followed by a single
test ot 100 ppm. a single test at 600 ppm. a single test at 300 ppn, and then two more (ests at 40
ppm. There was no special vehicle operation in between refuelings. Figures 3a and 3b show
that, although the Protegé did not achieve complete reversibility, it came very close, experiencing
about 83% recovery for NMHC and CO. The data in Figure 3c does indicate [ul] reversibility for

NOx, but this result is tempered by the fact that the NOx emissions were erratic over the different
sulfur levels.
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Figure 3a: Sulfur Reversibility Study on a 1995 Mazda
Protegé TLEV Effect of Sulfur on NMHC Emissions

Protegé TLEYV Effect of Sulfur on CO Emissions
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Figure 3c: Sulfur Reversibility Study on a 1995 Mazda
Protegé TLEV Effect of Sulfur on NOx Emissions

In addition to these individual vehicle test results, CRC is currently performing a test
program to explicitly cvaluate sulfur reversibility with LEVs. The program involves the six LEV
models tested in the CRC LEV-sulfur emissions test program deseribed earlier and 1s scheduled
to be completed by the end of May 1998, This program will assess reversibihity after light urban
opcration and after more severe high speed, high load operation (i.e., the EPA U806 cycle). This
program will further our knowledge of the degree of reversibility of current LEVs and facilitate a
more accurate projection of the degree of reversibility achicvable with potential Tier 2 vehicles.

E. Suifur Tolerant Automotive Technologies

One of the clearest observations from the CRC and auto industry sulfur test programs is
that there 1s a great deal of variability in vehicle sulfur sensittvity. While none of the vehicles
were immune to suifur’s inhibition of catalyst performance, some of the vehicles showed that
they were far less sensitive than others. In order to determine if it is possible to develop
automotive technology that is substantially less sulfur-sensitive, EPA is in the process of
cvaluating the detatled emission and operating data obtained 1n the two LEV test programs. The
goal of this rescarch is to identify those technologies which are more and less sensitive to sulfur
and whether the less sensitive technology can be applied to all manufacturers’ vehicles (large and
small, car or truck) in a cost-cfTective manner. In addition 1o analyzing the data from both
industry test programs, EPA 1s also reviewing the latest technical literature, and meeting with
vehicle and catalyst manufacturers and other rescarchers in this field to ensure that all available
data arc incorporated into this assessment.

At this time, it is clear that there are no catalyst designs currently available that are fully
sulfur tolerant. The results of virtually every laboratory, cngine dynamometer, and vehicle flect

study has shown that all automotive catalyst designs, whether they use Pd, Pt, Rh or any
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combination of the three, have some inhibition in perforimance resulting from sulfur. However,
some catalyst desighs are more tolerant of sulfur than othess,

There is a broad range of opinions regarding the feasibility of developing sulfur resistant

atalyst technology. C.H, Bartholomew of the Department of Chermnical Engiseering at Brigham
Young University stated at a recent CRC Symposium® that sulfur tolerant catalysts could be
developed with a significant investiment in rescarch money und time, but that it is unlikely that a
catalyst could be developed that could tolerate more than 100 ppm 10 200 ppm sulfur with no
emissions degradatton. A representative of Degussa/ICT, a catalyst manufacturer, stuted that it
was possible to develop a PA/Rh catalyst sysiem that was more resisant 1o sulfur, but that there
would still be some deterioration 1o HC and CO perormance dug to sulfur, Christopher Bennett
of Johnson-Matthey, another catalyst manulacturer, stated that results from somne of their studics
indicate that Pd-only catalyst performance may be mproved through washeoat formulation, and
that these porformance improvements were observed both in the presence and the abseice of
sulfur. Siudies by Johnson-Matthey also showed that sirmslar washeoant Formulutions, when
applied W PA/Rh catalysis, could also result in more active catalyst. However, laboratory and
enginge dynamometer testing indicated that these advanced washeoat formulations still exhibit a
substantinl decrease in catalytic performance when exposed 1o an increase in sulfur levels,

Heinz Robota of Allied Signal BEmission Componcents (ASEC) Manufacturing. a
manufacturer of catalysts and other emission control components, stated at the symposium that
there are trade-offs in sulfur tolerant catalyst designs. He claimed that good hydrocarbon sulfur
resistance may result in poor NOX conversion resistance to sulfur and vice versa, while the
Automobile Emisstons Control by Catalyst (AECC), an association of European emission control
manulacturers, claimed that sulfur resistant catalysts are not an option because achieving this
capability would necessitate trading olf catalyst performance tor the removal ¢f some pollutants.

Recent discussions between EPA and several catalyst manufacturers have suggested that
there may be seme technigues available o make catalysts more tolerant of sulfur. However, in
addition 10 an economic cost of doing so, there will also Likely be i overall loss in catalvtic
activity. 'This mcans that the cataiyst may perform better with high sulfur levels than teday’s
highly active catalysts, but that the sulfur-tolerant catalyst will not perform as well {at cither low
or bigh sulfur lkevels) as today's catalysts perform with low sulfur fuel, Thus, higher sulfur levels
still imply higher emission levels, though possibly not as high as is indicated by some of the
inday’s LEVs which arc very seasitive to sulfur. According o these catalyst suppliors, sulfur
will still be technology constraining.  Although these companies believe they cun make catalysts
that achieve low emissions even with moderate Jevels of sulfur, they can make considerable
unprovements in catalyst performance and emission reductions with even lower sulfur levels.
Therciore, catalyst designs that might appeor in Japan, Burope, and California, where sulfur
levels ure very low, may not be available in the regt of the United States.

BORC AutofOi) Symposiuvm, "The Search for Sulfur-Tolersnt Bmission Centred Systems,” Dearborn, M),
September 11-92, 1997,
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Iir addition to catalyst design, the calibration of the fuel control system can have a
stgnificant effect on a calalyst's ability to tolerate sulfur, Sysiems and components such as air-
fucl ratio controls and exhaast gas recirculation can have an effect on how sulfur reacts on the
cualyst surface. This fact was supported at the CRC symposium by Johnson Matthey and also
by Ray Paggi of Texaco Fuels and Lubricants. Paggi stated that evidence for this was the fact
thut some Tier § and Tier [ production vehicles appear to be somewhat tolerant to sulfur and that
fucl system calibrations appeared 10 be one of the cantributing factors,

A discussion of several potential cutalyst design teatures which may reduce sulfur
sensitivily is conlained in Appendix A, APLis currently performing a rescarch progran: to
investigate the potential for developing sulfur tolerant catalyst designs. They hope to have a finat
report discussing their Dadings in the near future.

F. Projected Tmpacts on Advanced Engine Technologies

Based on information in the techmical literature and information received from
automotive manafactiuress, it appears that gasoline sidiur may afso have a detrimental impact on
advanced engine technologies. An example is the gasoling direci~injection (G engine, There
arc a growing number of vehicles currently sold in Japan which utilize direct fuel injection for
gasoline engines. The advantages of GDT include up te a 30% lmprovement in fucl cconomy,
improved engine response wider variable operating conditions, and more rapid starting with less
cold enrichment. As a result, GDI engines should produce lower levels of NMHC and CO,
emissions. The very lean (191 air-fuel ratio) operation typical of GDI engines results in low
engine-out NOx emissions in comparison to more conventional, stoichiometric spark igaition
engines. However, this lcan operation poses o considerable barrier to NOx control using current
three-way catalyst technologies, and very low tailpipe NOx emission stundards would require
reductions beyond the low engine-out levels.

Conventional spark ignition engines maintain an air-fued ratio near stoichlomelry (..,
neither lean nor rich} to allow epertion within the narrow window of operating conditions
accessary for efficient removat of CO, hydrocarbons, and NOX. Under lean condilions, the
ability of the catalyst to reduce NOx deoreases substantinlly, Some GDI engine designs
compensate by using a NOx wrap to store NOx emissions while the engine is ruoning lean, This
stored NOx s then released when the engine is opernting near stoichiometry, permitting the
three-way catalyst to effectively reduce the NOx, Selsctive calalyviic reduction {SCR) of the NOx
is another approach being investigated. With SCR, a reducing agent is introduced into the
exhaust which fucilitutes the reduction of NOzx, even under lean conditions. Both the NQx
trap/three-way catalyst and SCR are ofien collectively referred to as "lean-NOx™ catalysts.

Some lean NOx catalyst strategies appear 1o be more sepsitive to fuel sullur than LEV

catalysts or the catalysis expected 1o be used on post-LBY vehicles, Information supplied by
Toyota at the CRC Symposiun indicates that NOx emissions increase dramaticaily with
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increased fuel sulfur for one lean-NOx catalyst system. NOx emissions doubled when fuel sulfur
increased from 30 to 70 ppm, and quadrupled with sulfur levels of 500 ppm. Systems using SCR
without a NOX trap may or may not be as sensitive to sullur,

An important question regarding the use of GDI engines is their capability to achieve low
NOx levels cven with low sulfur gasoline, While low sulfur levels may enable the lean NOx
catalyst systerns mentioned above, it is not clear what level of NOx emissions vehicles with GDI
engines would be able to meet, even with these catalysts, LEV.like NOx emission levels appear
to be feasible, at least with some GDI designs. However, the ability of this technology to reduce
NOx cmissions below these kovels is more uncertain, Thos, i is imporiant to characterize the
enssion control potenttal of these engines with borh fow and high sulfur levels, This technology
is described in further detail in Appendix A,

The fusd cell i3 unother pronaising propulsion systens that is belog developed for possible
mntroduction to consumers carly in the next century: A fuel cell is an electrochemical dovice,
sitnilar to a batiery, that generates clectricity from o chomical reaction between hydrogen and
oxveen. The necessary hydrogen can gither be provided by o compressed gas {e.g., hvdrogen,
methaoe} or extracted from a fuel, such as gasoline or methanol, carried on the vehicle, The
electricity produced from o fuel coll drives a traction motor that n turn drives the wheels. In
comparison (o conventional slectric vehicles, fuel cell use gives g vehicle long range, good
performuance, rapid refueling, and similar {(Jow or even zero) emission levels.

I gasoline 1s used 10 provide the hydrogen for fuel cells, the sulfur content of the pasoline
can he very imporiant,  Although fuel cell technology is still in s infancy, it has become clear
that the extraction of hydrogen from gasoline will simultancously produce hydrogen sulfide
andfor sulfur dioxide from the sulfur contained in the gasoline. These sulfurous compounds can
reduce the efficicncy of the fuel cell enher through cloggmg of membranes or adsorption and
subsequent inhibition of hydrogen dissociation, Current fuel cell rescarch makes use of gasoline
containing loss than 40 pom sulfur; it is not clear that all fuel cells can wlerate cven this level of
sulfur and nor whether future developmients will resalt in fuel cells that can tolerate oven higher
levels of sulfur.

G.  Sulfur’s Effect on OBD Catalyst Monitors and Implications for /M Programs

EPA’s OBD regulations require that the OBD catalyst monitor identify those catalysts
with elficiencies reduced to the extent that tailpipe emissions would have emissions increases
exceeding 1.5 times the applicable HC standard. Cucrent catalyst monitor designs do not actually
measure catalyst elficiency, but measure the oxygen storage capacity of the catalyst and infer HC
conversion efficiency from these readings. Sulfur can interiere with the catalyst’s oxygen
storage. In some cases, sulfur can decrease oxygen storage and cavse the QOBI system to
determine that the catalyst has insufficient efficiency. In other cases, the chemical form of the
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sulfur adsorbed on the catalyst can mimic stored oxygen and cause the OBD system to determine
that the catalyst has sufficient efficiency, when in fact it does not.

EPA evaluated the potential of sulfur’s interference with the proper operation of OBD
catalyst monitors in 1997." EPA concluded that there were not sufficient data to indicate a
broad-based sulfur-related problem with OBD catalyst monitors. However, EPA also found that
there might be a need, in a limited number of cases, for manufacturers to adjust their
California-certified OBD systems for operation on higher sulfur levels outside of California.
These adjustments would reduce the possibility that sulfur would cause the OBD system o
prematurely illuminate the malfunction indicator light (MIL). EPA indicated that it would
consider allowing such adjustments on a casc-by-casc basis.

EPA also acknowledged that it was not aware of any adjustments which could be made in
the short term to climinate the potential for high sulfur levels to cause “false-passes,” where
emissions exceed the monitor threshold but do not illuminate the MIL. This issue does not
represent a customer inconvenience, as would a “false-failure,” However, it could reducce the
effectiveness of the OBD catalyst monitor, particularly in an inspection and maintenance (I/M)
program, since the monitor may not detect a poorly performing catalyst.

The LLEV and ULEV cmission data presented above in Table 3 indicate that higher sulfur
levels have the potential to increase emissions in the range that the OBD system is designed to
detect (1.e., 1.5 times the applicable emission standards). However, the performance of the OBD
systems on these test vehicles was not reported in the test programs. EPA is not aware ol any
other new data which has become available since the OBD-sulfur study was completed last year.
Thus, the possibility of an interference of the OBD catalyst monitor by higher sulfur levels still
exists. EPA has previously indicated to automobile manufacturers that it would consider any
impacts of sulfur on OBD catalyst monitors during vchicle certification on a model-by-maodel
basis. This approach still appears to be appropriate.

A regional sulfur control program could also affect I/M programs located outside of the
sulfur control region. The ecmissions measured in these /M programs would likely be higher
than those measured clsewhere, possibly necessitating the use of unique emission cutpoints for
LEVs and Tier 2 vehicles. As mentioned above, since sulfur may affect the operation of the
OBD system on selected vehicle models, these /M programs located outside ol the sulfur control
arca would need to incorporate this information into their checking for the presence of OBD
failure codes.

Also, one study of a TLEV showed that sulfur can have an inordinate affect on emissions
over a loaded I/M test after a prolonged idle, which can occur while a vehicle is waiting in line

" EPA, "OBD & Sulfur Status Report; Sulfur's Effect on the OBD Catalyst Monitor on Low Emission
Vehicles," March 1997 and updated September 1997.
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for an M test’? Thus, higher sulfur levels in-use may necessitate the use of special pre-
canditioning procedures for the UM testing of LEVs and Tior 2 vehicles.

® Beck. DO, W.A. Short, T.E. Angelos znd R, Dils, “1M240 Emission Tests with 3 2.2 & Corsics
TLEY." SAE Poper No, G400, 1654,
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L. Cost of Reducing Gasoline Suffur

The data presented m the previous chapter indicate that control of suifur in gasaoline may
be necessary to achieve an appropriale level of emissions reduction (rom potential Tier 2 vehicles
and to enable the use of advanced technology vehicles in the LS, Control of gasoline sulfur
would also provide significant emissions reductions from NLEVs and older technology vehicles
aind resoive concerns about the compatibility of current gasolines with existing enission control
hardware, The cost of reducing gasoline sulfur levels will be an important factor in ovaluating
the level and geographical extent of any required sulfur reductions. This chapter summarizes
data regarding current sulfur levels in different grades and types of gasoline, and presents an
overview of how sulfur is removed from gasoline, Following that is o discussion of refinery coxt
mwodeling that EPA is currently performing jointly with the U.8. Department of Encrgy (DOE).
Preliminary cost estimates for gasoline suifur reductien are presented, and additional aspects of o
sulfur contro) program which may affect the costs to the refining industry are discussed.

A Current Sulfar Levels in .S, Gasoline

Sulfur cceurs naturally in crude oil. As crude ail is refined, some of the sulfur ends up in
gasoline, The amount of sulfur in the gasoline from any refinery depends on a sumber of factors:
the amount of sulfur in the crude oil, the fraction of gasoline produced from heavier petroleum
compounds,™ and the amount of desulfurization being applied to gasoline blendstocks and
gasoline precursor streams in the refinery.

There are o number of standards or Hmits which affect the amount of sulfur i sasoline,
There is a 1000 ppm ruaximum sulfur specification for gasoline, developed by the American
Socicty for Testing and Materials {ASTM), which most refines meet volumarily and some siates
have sdopled by law. Pederal reformulated gasoline (RFG) subject o the Complex Maodel i3
currently limiwed to 5G0G ppm sulfur due to the valid range limits of the Complex Model. Nearly
onc-third of U5, gasaline 1 coversd by the RFG regoiremnents. Gasoline sold in Culifornia is
subject 1o the California Phase 2 RPG Progron (also known as the California Cleancr Burning
{Gusoline Program] requircinents, which includes an annual average sulfur limit of 30 ppm sulfur,
with no individual gallon excecding 80 ppm.” Beeause refiners want o ensure that they will not
exceed the annual average limit and some refiners have clocted to certify their gasoline o

* The comversion of high boiling hydrocarbons to gasofine-Nke material tends 1o pul more sulfur into
gasoling, since the sulfur contained in crude oil is geserally concentrated in the kigh boiling mmerial.

T Catifernds provides un alierasie approach permining refiness 1w comply with 8 pec-gallon “flat limic”® of
40 ppe, Usnder either the 38 ppm average siandard o5 40 pom Flat init stardard, refiners can use California’s
Predictive Muodel (o ieauly and cortify alternative fuel formudations whick provide equivalent emission
porformance, Thess alternative formalonions can dnvelve ¢ither move strisgent ar more fenient sulfur Hmig, butin ne
case vun these exceed the 80 pom per gatlon cap applicable o sl gasoline soid in California,
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alternative requirements which may involve even more stringent sulfur control, California
gasoline sulfur levels currently average about 20 ppin.

API and NPRA recently surveyed their member companies to determine the qualities of

gasoline and other petroleum products sold during the summer of 1996.?° This survey,

summarized in Table 4, showed that gasoline had the following average sullur levels during that

period.

Table 4. Average Sulfur Levels in Gasoline Sold Qutside California (ppm):

Summer, 1996 Production By Octane Grade and Gasoline Type

Gasoline Type | Regular Grade | Intermediate Grade | Premium Grade All Grades
Conventional 400 350 142 346
Federal 366 353 200 316
Reformulated
All Gasoline 394 351 159 340

Starting in the year 2000, refiners producing summertime gasoline for sale in RFG arcas
must meet a NOx reduction standard which is expected to result in lower gasoline sulfur levels in
those arcas, since sulfur control is believed to be the most cost-effective means to achieve the
NOx reduction. Refiners have projected that their summertime Phasc I RFG sulfur levels will
average about 150 ppm. Sulfur levels could be higher in the winter, since winter RFG is subject
to less stringent NOX reduction requirements.

Becausc of the wide range of gasoline sullur levels seen in the U.S., it is likely that any
sultur control program will require sulfur reductions in at least some of the gasoline currently
produced. An evaluation of the costs of sulfur control requires an understanding of how sulfur
ends up in gasoline and what technologies are available to refiners to remove the sulfur. The
following section addresses these issues.

B. Refinery Operations Affecting Sulfur
Most sulfur in gasoline (up to 97%) comes from gasoline feedstocks produced in the

fluidized catalytic cracker (FCC), one of the key refinery processes for gasoline production.”
Without any treatment of the sulfur levels of the feed entering the FCC unit, or of the gasoline

® American Petroleum Institute and National Petroleum Refiners Association, “Survey of Refining
Operations and Product Quality,” Final Report, July 1997,

! MalhPro, Inc., “Cosls of Producing Gasolines With Low Suifur Content,” Final Repori, April 28, 1997
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streams exiting the unit, sulfur levels can be 1000-2000 ppm in the FCC gasoline blendstacks. In
general, the heavicst portion of FCC gasoline contains the most sulfur, with the heaviest 10%
contributing about oncethird of the otal sulfur. A more comiplete explanation of these refinery
processes is presented in Appendix D,

One means 1o reduce the sulfyr content of gasoline, and other refined products. is 1o
switch to a lower suifur crude oil. However, it is not possible for all refiners to rely on this
sirategy because the supply of tow sulfur crude o is limited and with increased demand its price
would likely rise. In addition, it may be difficult for refiners to maintain the same product mix if
they switch to fow sulfur crude vils, since fow sulfur crude oils tend to be lighter. The volume
and vange of products that can be produced from lighter cride oils may or may not match the
refiner’s market plans, {(Even with a change to lower sulfur crude oils. many refiners may still
need 10 add new cquipment 10 further reduce their gasoline sullur levels.)

While the spectlic configuration and capabilities vary by refinery, there are generally two
main optiens for vemoving suliur from gasoling. Both of these optiens involve “hydrotreating,” a
progess which uses hydrogen gas at high pressures and temperature o force out the sulfur
compounds.* When adding the capacity to hydrotreat a particular stream, refiners may have to
add facilitics to produce more hydrogen as well as facilities to recover the sulfur removed from
gasoline. Refiners may also have to augment utility facilities to ensure sufficient support for
these new processing units,

Of the two main options {or reducing gasoline sulfur, the less costly and less capital
intengive approach is to hydrotreat the gasoling blendstocks preduced by the FCC, Depending on
the tevel of sulfur desired in the Ninshed gisoling, part or all of the FCC gaseline blendstock can
be hydrotreated. B s least capensive (o hvdrotreat the heaviest portion of the FCC gasoline
hecause that portion containg the greatest amount of solfor, and this stream usually andergoes
less octane loss when hydroweated.™ This steategy requires a distillation tower to separate the
heavier FCC outpit sireams from the Tighter producis. A downside to hydrotreating the FCC
gasaline is that it reduces the volume of gascline produced, thereby adding shightly to the cost of
producing lower sulfur gasoline, To achieve very low sulfur levels in gasoline, the lighter
portien of the FOCC gasoline blendstock may have 1o be hydrotreated as well, which can result in
a significant octane loss, depending on the spectfic hydrotreating process used. The octane value
fost with hydrotreating must be recouped by octane producing uaits in the refinery, or by the
addition of high octane oxygenates. A relatively new salfur removal weehnology licensed by
Muohil, called OCTGAIN, does not cause as much octane loss for the same reduction in gasoline

2 anotber option for very Hmited sulfer reduction Iy achieved by extraction. This is pol s commonty ssed
appreach, beeguse In mos cazes & substunnial volume of sulfur seduction 1s required, o1 2 subsiantial reduction in
saifur levels is needed; capruction counul mee! these needs.

Z Hydrousating impants pot only sulfur-conmining compounds bul alse compuunds which toniribuie
seiane, such as pleBins, 1 olefing are hydrotrested, their ovtane valve b5 reduced and the refiner must make up Tor the
oetane by hlonding sther, bigher ootany, compongais,
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sulfur as older processes. An OCTGAIN unit has been built in one refinery in the U.S. and
another unit is under development in Europe.

EPA his become aware of a new FCC gasoline hydrotreating technology which may
permit refiners to remove sulfur from the FCC gasoline while minimizing the drawbacks of
traditional hydrotreating (octane loss, lost volume) at a significant cost savings. This process is
licensed by CDTECH and is termed catalytic distillation, indicating a process which performs
hydrotreating with a catalyst while distilling the gasoline into different temperature ranges. In
terms of gasoline sulfur reduction, the most important potential for this technology, hydrotreating
the heavy FCC gasoline, has not yet been tested in a commercial application. Thus, uncertainties
in the cost of this emerging technology will remain until a commercial application can verify the
clficacy and cost estimates. EPA has learned that at least one refiner plans to install this
technology in their refinery during 1998.

An alternative to hydrotreating the gasoline from the FCC unit is to hydrotreat the FCC
feed stream. This approach avoids a decrease in gasoline octanc and generally improves the
quality of other products produced in the FCC unit, such as distillates. 1t can also achicve very
low sulfur levels. However, this tends to be a more expensive and capital intensive approach,
because a larger stream of material is processed. For some refiners this may be an attractive
option since this approach allows the processing of heavier, higher sulfur crude oils, reduccs
sulfur levels in diesel fuel,” and increcases overall gasoline yield. Few refineries in the U.S.
currently have FCC fecd hydrotreating capacity.

The other major way to remove sulfur in gasoline blendstocks i1s with a hydrocracker.
Hydrocrackers are essentially FCC units with hydrotreating capacity combined in the same unit;
this process both upgrades and hydrotreats the stream being treated.”® Hydrocrackers are
generally used when the feedstock is too poor for upgrading with an FCC. For example, some
crude oils are high in hcavy metals, nitrogen, or sulfur, which would poison an FCC catalyst.
For this reason, some refineries have hydrocrackers for upgrading the heavy gas-oil streams
normally led to the FCC. This is particularly common in California refineries which process
Alaskan crude which is high in sulfur and heavy metals. Hydrocrackers are capital-intensive
processes, similar to that of FCC fced hydrotreaters. Because of the high capital expense and
because most refineries already have FCC units, many refiners outside of Califorma would have
to incur substantial costs and process changes (o adopt hydrocracking capabilities. Like feed
hydrotreaters, hydrocrackers would allow treatment of heavier, higher sulfur crude oils and may
be more suitable for environmental programs which involve changes to both diesel fuel and
gasoline.

B 0f diesel fuel sulfur levels were required to be reduced as well, FCC feed hydrotreating becomes a more
attractive optien as the sulfur levels of both streams are reduced simullaneonsly. Sce Chapter IV: Other Fued Issues
for more discussion of this issue.

B Berger, Bill D., Anderson, Kenneth E., Modern Petroleum, “A Basic Primer of the [ndusiry,” Pennwell
Books, 1981,
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The modcling of gasoline sulfur reduction in refincries has shown that the most econoniic
approach to removing sullur from gasoling is (o hydrotreat the gasoline-like material leaving the
FCC unit, When the OCTGAIN process has been included in a refinery model, including the
model used by EPA, it has been selected (based on the economic and performance data provided
1o the model) over other sulfur reduction processes. The models also typically purchase
oxygenaies to help make up the ocance shortfall caused by hydrotreating, and this oxygenaie
addition also helps to reduce suifur in gasoline through dilution. The refinery models iend to
show that hydrotreating the FOC feed and the mstallation of hydrocracking capacity are less
cconomically ntiractive to refiners, The following section provides a bricf overview of the
modelling EPA has performed o estimate gasoline sulfur control costs.

C.- Cost Fstimation Methodology

EPA has been working with DOE o develop cost estimates for gasoline sulfur control,
using Oak Ridge National Laboratory’s refinery vicld model (ORNI-RYM). {(Appendix B
presents additional information about how the modeling work 1o be done was defined.) In
planning the refinery madeling runs 1o be performed, EPA considercd a raage of geographic
aress that could be covered by a low sulfur gasoline program, based on the range of vehicle
technology issues being addressed and the emissions reductions which could be achieved. In
consideration of these issues, the geographic areas identified for consideration included: 1) the
entire LLS,, exchading California; 2) the 37-state Ozone Transport Assessment Group {OTAG)
region; aud 3) the 22.state OTAG region covered by the proposced NOx State bmplementation
Plan (SIP} call. Table 3 shows the percontage of nationud gasoline affected for each of these
potential aress of control,

Tuhle 8, Gasaline Production Impacted by Potential Control Areas
Gasoline Volume {percent of
Sulfur Control Area LLS, total, outside California)
22-stare OTAG Region 59%
37-stte OTAG Region R39%
Entire U.S., exclwding California 100%

A pational control strategy 1 one of the options being evaluated beeause of its
consistency with the expected national applicability of potential Tier 2 standards, the possibility
that the sulfur imipact may not be fully reversible, and the other emissions benefits, such as
reductions in air loxics and primary and secondary PM, that could be achicved from current
vehicles, In addition, as discussed in Chapter 11, a pational program may enable the use of certain
advanced wehnology vehicles and would remove any remaining concerns that enboard diagnostic
systeras may malfunction due 10 inferference by sulfur, A national prograns would also create
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nationally uniform enforcement standards and compliance procedures for industry to abide by,
possibly reducing compliance costs and making it easier to ensure that gasoline is mecting the
new standards relative to a smaller program,

Figurc 4 shows the area covered by the 37-state OTAG region. This region was identified
as a potential sullur control area because this was the region that was considered during the
OTAG process to identify strategies to control the transport of ozone. However, it excludes 11
projected future ozone nonattainment and maintenance areas in seven other states, affecting a
1990 population of 13.4 million people. As Figure 4 shows, the 37-statle OTAG region almost
cxactly corresponds to the fuel distribution area from the refineries in PADDs 1, 2, and 3.2
Covering the entire volume of gasoline sold in thesc threc PADDs may tend to simplify
enforcement of a sulfur control program compared to a smaller program affecting only a fraction
of the gasoline sold in these regions.

The 22-state OTAG region (also shown in Figure 4), although smaller than the 37-state
region, encompasses many of the expected futurc ozone nonattainment and maintenance arcas as
well as many of the arcas which contribute to the transport of ozone. However, it would cxclude
cven more such areas than the 37-state OTAG region discussed above. The 22-state OTAG
region is sufficiently limited in gasoline demand to exclude production by some refincries
located in PARDs 1-3 for which sulfur reduction would be very expensive, which would result in
lower costs for a given sulfur level compared to a program affecting a larger volume of gasoline.
Howcver, the complexities in enforcing a smaller program, particularly onc that covers only a
fraction of the gasoline produced in a given PADD, would probably increase. Because of the
gasoline distribution system for the refinerics that would produce gasoline {or this region, a
program may have to be implemented to prevent “dumping” of high sulfur gasolines into
uncontrolled areas.

¥ U.S. refineries are grouped regionally into five Petroleum Administration Districts for Defense (PADDS)
Lo represent the production and distribution systems. See Figure 8 for the division of the U.S. into the five PADDs,
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D. Gasoline Sulfur Reduction Cost Estimates

EPA has developed preliminary cost estimates for sulfur control in PADDs 1 and 3,
assuming that all of the gasoline produced in cach PADD is controlled. The costs of reducing
gasoline sulfur levels from the current average sulfur level of 3400 ppm down o average levels of
150 ppm, 100 ppm, and 40 ppm have been estimated. These sulfur control levels were chosen
becausc they matched the sulfur levels of the AAMA/AIAM and CRC test programs described in
Chapter [I. EPA used the results from the ORNL-RYM model to estimate the net costs to the
industry using a pre-established cost estimation methodology, with a few modifications, as
described in Appendix B.Y The estimated costs, listed in Table 6, include the cost of any
projected decreases in fuel cconomy associated with the use of oxygenates to reduce sulfur
levels. As explained in Appendix B, the costs were derived based upen estimates of summer
production costs, as this scason represents the most severe sulfur control scason for a refiner.
However, as sulfur controls werc assumed to be in effect year-round, the resultant capital costs
werc amortized over the entire year.

Table 6. Preliminary Estimates of Sulfur Reduction Costs
{Volume-Weighted Average for PADDs [ and 3, 8% Return on Investment)

Sulfur Control Level
150 ppm 100 ppm 4) ppm
I.1-1.8c/gal .9 - 3.0 ¢/gal 5.1 -8.0c/gal

The cost estimates in Table 6 should be considered to be only roughly indicative of the
potential cost of commercial gasoline sulfur control. These cost estimates only represent those
for East Coast and Gulf Coast refiners (PADDs 1 and 3), and thus do not cover all of the major
gasoline producing regions in the country which would be affected by a national sulfur control
program. Also, these costs were developed without inclusion of some of the latest technologics
for sulfur removal, including the process for catalytic distillation developed by CDTECH
mentioned previously. At a recent conference on sulfur removal technologies,”® CDTECH
representatives claimed that sulfur control from current average levels down to about 40 ppm (on
average) could be achieved with the CDTECH catalytic distillation process at a cost ol [-2
cents/gallon. Other designers of new sullur removal technologics made similar claims. As
indicated earher, EPA plans 1o gather additional information about new technologies, and if
appropriate, will include these technologics in future evaluations of sulfur removal costs. EPA
will also be estimating the costs of gasoline sulfur control to refiners in the rest of the country.

? Lester Wyborny, MEMORANDUM to Susan Willis, “Review of the Cost-Effectiveness of Phase 11 RFG
NOx Cantrol,” February 27, 1997,

# International Fuel Quality Information Cenler, “Fuel Quality and Technology Brieling,” Detroit, M1,
March 9, 1998, .
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This will facilitate more precise estimates of the costs of both regional and national control
programs, as well as the impact of using the most advanced sulfur removal technology.

E. Other Sulfur Control Cost Studies

In addition to performing the analysis discussed above, EPA has revicwed several other
recent estimates of the costs of gasoline sulfur control. During the period when the Ozone
Transport Assessment Group (OTAG) was developing costs for NOx control strategics, the
Amgerican Automobile Manufacturers Association contracted with MathPro o estimate the cost
ol gasoline sulfur reduction.”? MathPro estimated the cost of gasoline sulfur reduction in all the
gasoline produced by PADDs 1, 2, and 3 from the current average sulfur leve! down to 40 ppm.
A range of prices {or the oxygenate methyl tertiary-butyl ether (MTBE) was assumed in the
modeling. If an MTBE price of 84 cents/gallon is assumed (1o be consistent with the EPA/DOE
work described in the previous scction), the cost of sulfur control estimated by the MathPro
analysis is 5.5 cents per gallon of summertime gasoline.

The MathPro/AAMA cost estimate lalls near the lower end of the range of preliminary
costs estimated by EPA/DOE. However, caution must be exercised in comparing different
refinery modeling studies without understanding the differences in the premises of the studics,
which may result in differences in cost. For example, the MathPro study included the cost of
sultur control in PADD 2 refineries. [t is expected that PADD 2 costs would be higher than the
average of PADD 1 and 3 costs. Thus, adding PADD 2 costs to EPA’s estimates would be
cxpected to increase the average costs, since PADD 2 refinerics currently produce higher sulfur
gasoline (on average) than PADD | and 3 refiners. By contrast, resolution of some of the other
modeling differences between the EPA/DOE work and the MathPro/AAMA work could tend to
push the MathPro estimates higher.

Recently, API also contracted with MathPro to estimate the cost of gasoline sulfur
reductions.’® That study estimated the cost of sulfur reduciton from current average sulfur tevels
down to average levels of 150 ppm, 100 ppm, and 40 ppm.”' To estimate these costs, MathPro
uscd a refinery modeling methodology similar to that used for AAMA, modeling the combination
of PADDs I, 2, and 3. However, the refinery model used for APl was re-calibrated to represent
the actual 1996 summertime gasoline qualities determined through the API survey of gasoline
qualities referenced above in section A. The MathPro/API-cstimated costs arc summarized in

¥ MathPro, Inc., “Cosits of Producing Gasolines with Low Sullur Content,” work performed lor AAMA,
April 28, 1997, '

® MathPro Inc., “Cosis of Alternative Sulfur Content Standards for Gasoline in PADDS 1-3." Study for
the American Petroleum Institute, February 5, 1998.

"' The MathPro analysis atso considered a low sulfur gasoline scenario in which reformulated gasoline had
an average sulfur level of 100 ppm and conventional gasoline had an average sultur level of 246 ppm. The cosl for
this scenario, assuming an MTBE price of 90 ¢/gal, was estimated (o be 1.90 ¢/gal.
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Tuble 7 below. Like the AAMA analysis, these costy are sinslar (o those estimated by ORNL for
EPA/DOE, even though there were significant differences in the premises on which these
modcling exercises were based, However, the MuthPro/APT estimates for contrel to 130 ppm or
10 ppm arc ut or above the upper ond of the EPA/DOE ranges, while the MathPro/AP] extimatce
for 40 ppm sulfur is closer to the lower end of the EPA/DOE range. EPA will continue 1o
analyze the MathPro/APE analysis 10 better understand the causes ol these differences,

Table 7. Estimated Cost of Reducing Gasoline Sulfur, cents/galion *
[Source: MathPro for API)

Average Sulfur Control Level (ppm): 150 140 40

Cost {¢/gal): 2.7 34 3.1

*averzge of summer and winter custs based on an MTERE price of 90 ¢fgal

F, Cost-Effectiveness of Sulfur Control

EPA 1ypically considers cost-effectiveness (the cost of reducing a ton of emissions) when
evaluating enission control programs. Calculating cost-cffectivencss atlows comparisons
between vartous ennssion control strategies that are aimed at achieving reductions in the sane
pollutant (e.g., the cost of a motor vehicle or fuel cantrol strategy compared 1o the cast of vanous
stationary source control strategies for reducing emissions of NOx). Cost-effectiveness is a usetul
tool Tor comparison, although other criteria arc also used o determaine which regulatory programs
{0 pursue,

In determining the cost-eflcetivencss of a regulatory oplion, both the costs and the
resulting emissions reductions must be quantified. The estimation of the cost is (he most
straightforward of the two factors. The cosis of vehicle standards can be derived from estimated
per-vehicle costy, maltiptied by total affected sales. Sinwlarky. the costs of a sulfur control
program can be derived from an estimated cost per gallon, multiphied by affected sales,

it 15 the estimate of the emissions benefits (o be achieved that can be more difficult.
patticutarly when the control program being evaluated involves more than one significant
benefin, Cost-effectiveness is most casily detenmined when a single pollutant is being controlied,
or at feast reductions in the emissions of one poltatant are the predominant benefit. Cost-
effectiveness becomes more difficult 1o caleolate when multiple benefits {c.g., reductions in
NMHC, CO. KOx, toxics, and 50x, enablement of future techaology, ete.) arc significant, as is
expected wder potential Tier 2 and gasoline sulfur standards. Notonly is it difficult o
deternine how to weight, on a relative basis, the various enissions reduced {e.g., is a ton of NOx
reductions as henelicial as a ton of 30X}, but it can also be difficult to compare the resulting
cost-pifectivensss estinmates with estimaies of the cost-cffoctivengss of other control strategics
that moy not have valued these omissions reductions i the same way,
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Recently. representatives of the AP Economics Conmuittee {including a representative of
NPRA) presented a proposed cost-effectiveness methodology 1o EPAY This methodology
combined the evaluation of Tier 2 standards and gasoline sulfur standards and focused on the
ozone-related beaefits from both the current and finure vehicke flects. APTand NPRA
recommended that this methodology be used to determine the optimurmn mix of lower sulfur fuel
reguirenienis and tinproved vehicle ehnology, They idemtitied the speaific types of daia needed
fow this sppraach, as well us gups in the available data

G. Other Issues Affecting Sulfur Control Costs

In addition to the prodaction cost for the average refinery, there may be other issucs
which could affect the costs 1o the refining indastry of a sullur control program. For example,
one consideration is whether the program should be defined based on an average sulfur level, or
based on a per-galion imit on sulfur. The preliminary cost estimates by EPA, s well as the
other cost estinmates cited previously, were for the costs for the average refinery controlling sulfure
to an average level, 1 such a sulfur reduction standard were promulgated, a refiner would have
to control the volume-weighted average sulfur level of its gasoline batches at or below the
averaging stendard. Whilc an averaging standard leads to reduced sulfur levels overall, over the
year some batwhes of gasoline would be higher and others lower than the standard. These baich-
to-batch variations are due to the vatiances in the day-tosday operations of the refineries,
imcluding variations in the sulfur content of the crude oils processed and both inadvertent and
required maintenance shutdowns ol certain units.

As explained in Chapter 1, batches of gasoline with sulfur levels above g contain {as yo
unidentified) level may cause serious complications {or some emission control hardware,
Furthermore. the compliance costs assoctated with an averaging progeam are likely 1o be higher
than the costs for a program which provides an absolute cap on sulfur content, because of the
complexities of enforcing an averaging standard {as discussed in the neat scation), For these
reasons, it may be more desirable to establish a maximum per-gallon limit on gasoline sulfur
levels. With such a cap, refiners could not cxceed the specified lovel in any batch,

A per-gatlon Tt affects the refining industry much differently than an averaging
standird, This is because & cap forces an individual refiner o install capital couipment or ke
other actions 1o 1educe high sulfur baches to a greater degree than would be necessary under an
averaging program. Even if some of the historic vartations in gaseline selfur level were reduced,
under a per-galton limit a refiner would have to produce gasoline which, on average, would be
substantinlly lower thawn the cap to ensure that they comiply.

Since the cost estimates derived from sefimery madels are all based on compliance on
average, it is difficult to evaluate the costs of a per-gallon limit. EPA hays performed an analysis,

% CAPUNPRAJEPA Mesting - 31058 - Tier 2 Sulfur Cenirol Cost-Bffectiveness”

RPA Staff Paper: Gasoline Sulfur 35 May {, 1998



presented in Appendix C, to estimate a range of average sulfur levels that could arisc if a
per-gallon cap were implemented. Using this approach. EPA may be able to estimate the costs of
a sulfur cap using costs derived {rom relinery modcling which yields costs for control on average.

A sccond issuc to consider in defining a sulfur control program is whether all refiners will
be able to make the investment needed 1o control sulfur, As with any regulatory program, a
gasoline sullur control program - particularly one that affects the majority of gasoline produced
tn the country - may result in particular hardship for some individual refineries. I a refinery
supplics a limited geographic arca and if few other refiners can easily supply the same area, the
costs of the sulfur control program in that area may be substantially higher than the average costs
experienced clsewhere. In defiming a sulfur control program, EPA plans to evaluate whether the
opportunity cxists to include program design strategies which may result in reduced costs and
increased {lexibility for the regulated industry, particularly those refiners most adversely affected
by the program. Examples ol these strategies include trading and banking of credits Tor early or
excess compliance with standards, delayed implementation for small refiners, and phase-in of the
requirements (by (raction of production or by increasing stringency) over several years, to spread
out costs and investment. No estimates of the cost savings, other benefits, or emissions
implications that would result from pursuing such strategies have yet been made, and the
introduction of additional compliance options will further complicate the enforcement of the
program rcquirements,

H. Enforcement of a Gasoline Sullur Standard

There are a variety of forms that a gasoline sulfur control program can take, and the
ultimate decision regarding which form is most appropriate will depend heavily on the costs
incurred by the regulated industries. However, there are also enforcement implications for each
of the various choices, and the costs to industry of these dilferent enforcement and compliance
burdens cannolt be easily quantified, although they must be taken into consideratton. The
enforcement implications are described here bricfly; a more detailed discussion and evaluation of
these issues will appear in any regulatory documents EPA develops in the future,

A nationwide, per-gallon gasoline sullur standard would be the most straightforward
program from an enforcement perspective. In this case, the Agency may be able 1o focus
primarily on the sulfur level of individual batches at the refinery gate and/or collect and analyze
gasoline samples for sulfur content at all levels of distribution. It is possible that the current
reporting requirements for all gasoline under the anti-dumping regulations could help serve this
purpose, avoiding the need to implement new reporting procedures for gasoline sullur.

If, however, any alternative form of a gasoline sulfur control program werc implemented,
the compliance burden would increase. For instance, allowing averaging to meet a sulfur
standard might require: 1) a more complex set of compliance procedures for refiners 1o prove that
their volume-weighted, annual average sulfur levels meet the standard, 2) sampling surveys to
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cstablish appropriate compliance within a given arca, and/or 3) imposition of downstrecam sulfur
standards which require distributors to establish compliance with the standard to ensure that the
gasoline sold at the retail level meets the standard, just as the gasoline that left the refinery did.
Furthcrmore, an averaging standard could require an enforcement program involving retail-level
fuel quality surveys and the threat of tightening standards (ratchets) to ensure that the average
sulfur standurd applicable to a given area is actually being met in-use. A regional program could
lead to the use of segregated storage and distribution sysiems, to ensure that low-sulfur gasoline
is being delivered to the correct arca(s). Finally, the inclusion of phascd-in requirements, credits
for early compliance, and deluyed implementation might require additional enforcement
protocols having precedent in such fucls control programs as the phase-out of lead in gasoline.
The Agency will consider these and other enforcement implications in designing the most
appropriate sulfur control program.
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IV. Other Fuel Issues

Few refinery operations are totatly independent, and variations in the volume or quality of
one relinery product can impact the volume and quality of another product. Sulfur removal
technologies vary, and depending on which technology is sclected, gasoline alone can be
impacted, or other refinery products, such as the distillates used for diesel fuel and other
products, can also be affected. Similarly, controlling fuel propertics other than gasoline sulfur
can impact the cost of gasoline sulfur control.

The impact of gasoline sulfur control on other refinery products is addressed directly in
the refinery model, as non-gasoline sulfur specifications must be met both before and after
gasoline sulfur control. The primary issue in this section is the potential impact of changes to
non-sulfur propertics of gasoline or other fuels on the cost of gasoline sulfur control. Also, thesc
other fuel controls could increase the overall economic impact on a given refinery. Details on the
refinery interactions between gasoline sulfur control and the control of dicsel fucl properties can
be found in Appendix D.

This chapter summarizes several other fuel properties which may have significant impacts
on cnussions and that vehicle and engine manufacturers may request improvements in these
properties to lacilitate compliance with emission standards in the future. The first section
discusses the distillation properties of gasoline, which collectively represent the case with which
liguid gasotine vaporizes and thus has implications for combustion and other phenomenon. A
number of automobile manufacturers have indicated that current levels of gasoline distillation
properties are limiting their ability to meet stringent emission standards. The second section
highlights scveral dicsel fuel propertics that may be implicated in elevated emissions. Additional
controls in either of these areas could impact a given refiner's decisions regarding the
technological means through which sulfur is removed from gasoling, and therefore the cost of
gasoline sulfur control.

A, Distillation Properties of Gasoline

It is widely understood that there is a relationship between the distillation properties of
gasoline and the emissions which result upon combustion of the fuel. Gasoline distillation
characteristics are typically described in terms of the temperature at which a given percent of the
fuel (e.g., 10%) evaporates during a standardized distillation test. Thus, T1( is defined as the
temperature at which 10% of the fuel has evaporated, T50 is the temperature at which 50% of the
{uel has evaporated, and so on.
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The auto industry has defined the “driveability index™ of a fuel, caleulated from the
cguation [D1 = L5(T10) + 3.0 (T50) + T90]." as a measure of the polential for a vehicle to
experience "driveability” problems - hesitations, stalls, ete. « as & result of the fucl. According o
the auto industry, a driveability index in excess of 1200 indicates that the fuel may resultin
driveability problems™ Auto indusiry representatives have also shared with EPA data which
suggests an historical rend of increasing values of the driveability index in gasolines sold
mationwide.

Previous studics of the cffect of fucl properties on emissions have demonstrated that
hydrocarbon emissions, in particelar, are corrclated with high values of individual distillation
temperatures, such ax T50 and TS0, High hydrocarbon emissions can alse be assumed to occur
during fnstances of poor driveability.” such as hesitation during acceleration or engine stalls,
since such situptions indicate that a significant amwunt of engine misfire s occurring. Engine
misfire typically indicates thay most or all of the fuel inducted into the eylinder leaves the engine
unburred. The Tuel docs not ignite because an insufficient amount of the fuel injected into the
intake muaniolkd vaporizes to produce a flammable mixture in the engine cylinder. {Combustion
of gasoling requires a specific amount of gasoline vapor, combined with oxygen; if too much of
the gasoline remains liquid, combustion will not oceur.}

When misfire ocours. it alse causes a large amount of fuel and oxygen to be sent 1o the
catalyst, If misfire oceurs aver a sufTicient length of time, this excess fued and oxygen can
inerease catalyst temperatures to the point where the catalyst s permanently damaged. Small
amounts of misfire are unlikely to be noticed by the driver, but can sull significantly increase
tailpipe emissiens of hydrocarbons. Whenever noticeable driveability problems are encouniercd,
ernissions ave hkely to have mcreased substantially,

if the distillation propertics of all gaseline were similar, automotive engineers could
account for the situalions where insufficient vaporization may occur when calibraiing the amount
of tucl to be injected during accelerations. Fucls with high distiiation temperatures vaporize
fess, leading (o Jean abe-Tued mistures at the beginning of accelerations. Fuels with low
distilltion temperatures vaporize more, leading to rich air-fuel atixtures at the beginning of
sccelerations, However, when fucls with different disullation characteristics are encountered,
there is currently no pracucal way to measure or sensc the distillation propertics of a fuel on the
vehicic and adjust the calibrations based on this information,

¥ Where the T10, T30, and T0 represcnt the temperatures ai which 10%, 30% aad 0% of the gasoiine
evaporates, measured in degrees Fahrenheit,

M Although axygenntes decrease the T5D of the gasaline {and thus reduces the driveability fndex ), it has
been suggested that oxygensied gasalines may result in doiveability problems with o driveabiiity index vver 1150,

* Increased emissions resphilng from driveabiltiy problems may not be reported on texis conducled under
the federal fest procedure (FTP), since tesis in which hesitations or sialls ocour may have been tnvalidated,
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The primary solution to misfire is to enrich the air-fuel mixture during accelerations
(i.c., increase the amount of fuel injecied), so that the air-fuel mixture in the ¢ylinder is
flammable even when fuels with high distillation temperatures are encountered. While this
avoids misfire with these heavier fuels, it increases hydrocarbon emissions whenever fucls with
lower distiflation temperatures are wsed. Some manufacturers have indicated 10 EPA that they
have had to compromise their engine calibration strategics tn arder for their engines to perform
satisfactority on those commercial fuels with the highest distillation temperatures. This leads to
sub-optimum catalyst performuance.

EPA ix just beginning an eviduastion of the available information o the inpacts of
distilation properties on emissions, Although dala exists which demonstrates the impact of
somc disnllation properlies on emissions for Tier { vehicles, there is much less data tor Teer 1 or
later model vehicles, A few manufacturers have submitied limited date on tedividuad LEVs
which suggest an imcreased sensitivity, relative 1o older wehnologies, o chimges in fuel
disttilation properties. These data suggest the potential for increased cmissions as distiliation
properties deviate in cither divection from some {as yot undefined) optimal level, Furthermore, as
discussed in Chapler 1, under the new “offcycle” emission standards soon (o take effect,
manufucturers may be unable to program their vehicles 1o enrich the air-figl mixiwrc to
compensate for high distillation tomperatures. EPA has not yet estimated the cost of reducing
gasoline distillation temperatures, or reducing the range of gasoline distilintion temperatures.

EPA has not recently conducted any refinery modeling of the control of gasoline
distillation propertics, the interaction of the control of both sulfur and distiBation propestics.
Even without specifically modehing the control of boath paramelers, thero ix likely 1o be some
interaction. Sulfur is comained in the highest boiling portion of the gasolinc-like material
praduced by the FCC unit {FCC gasoline). Refiners will hikely evaluate shifting some of this
material 1o the distillate pool versus desulfurizang it Desulfurization will hkely affect both the
antount and octane of the FCC gasoline. This evaluation of the operation of the FCC unit and
processing of 1he highest boiling portios of the FCC gasoline would also provide refiners an
opportunity 1o include process modifications 1o reduce the mid-range or apper-range distitlation
temperatures of their gasoline. However, the FCC unit is not the only refinery process which
produces high beiling material. Both the alkylation unit and the catalytic reformer also produce
significant quantities of higher boiling material which can increase the distillation temperatures
of finished gasoline. Both of these materials contain very low levels of sulfur, as the sulfur
contained in the materials sent to these units is removed-in order to proteet the alkylation and
reforming catalysts. Therefore, while there will likely be some interaction between sulfur and
distillation temperature control, it does not appear to be a strong one,

B. Diesel Fuel Properties

EPA currently restrices the sulfur content of onroad diesel fuel to 500 ppm. A cetane
index axaimun of 40 also applics o this fucl. EPA does not have any regulations applying 10
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the quality of diesel fuel used in nonroad dicsel engines. However, during 1998 and 1999, EPA
will review the appropriateness of the 2.4 gram per brake horsepower-hour (g/BHP-hr) HC plus
NOx standard applicable to new onroad heavy-duty diesel engines sold in 2004 and beyond.
This technology review will include consideration of fuel quality improvements. Sulfur in dicsel
fuel 1s known 1o be a problem with lean-NQOx catalyst technology, which was addressed in
Chapter Il above. While control of nonroad diescl fuel quality appears less likely. it is posstble
that a sulfur limit similar to that applicable to onroad diesel fuel could be implemented to
facilitate the use of oxidation catalysts or to reduce sulfate particulate. In 2001, EPA will be
conducting a similar review of the feasibility of the fulure standards applicable to new nonroad
heavy-duty dicsel engines. EPA (and California) are also conducting evaluations of the health
effects of exposure to diesel exhaust, including particulate emissions from diesel engines. The
results of these evaluations could have implications for future decistons about dicscl fuel
compaosition.

Although any new controls applied o diescl fucl can potentially impact a given refiner's
decisions regarding the means through which sulfur is removed from gasoline, it appears that
diesc] sulfur control has the potential for the grealest refincry interactions with gasoline sulfur
control. As indicated above, a gasoline sulfur standard would most likely lead refiners to remove
sulfur from gasoline blendstocks. Morg stringent diescl sulfur standards would likely lead
refiners to remove sulfur from diesel fuel blendstocks, as opposcd 10 other strategies, such as
switching 1o lower sulfur crude oils. However, if both changes were made at the same time,
refincrs might remove sulfur from feedstocks going to both gasoline and diescl fucl (e.g., the
feedstream te the FCC unit) and reduce the total cost of sulfur control. Also, a single large
hydrogen plant could be built. instead of two smaller units, again at a cost savings.

The Agency’s modeling of gasoline suifur reductions costs completed to date has not
modeled the cost of the simultancous imposition of any diesel fuel program with gasoline sulfur
control. However, the Agency is planning to perform such a study to understand the costs and
other implications of implementing programs affecting both gasoline and dicsel fucls at the same
time.

Although diescl sulfur control may have the most significant refinery interactions with
gasoline sulfur control, controls applicable 10 other dicsel fuel propertics also have the potential
lo impact the way a refinery operates, and thus may also impact gasoline sulfur control, The
need for changes to diesel fuel properties other than sulfur will also be evaluated in the context of
the technology review for the model year 2004 standard of 2.4 g/BHP-hr for onroad dicsel

cngines and the technology review for standards applicable to nonroad diescl engines proposcd
for 2001.
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V. Gasoline Sulfur Reduction Programs in Other Countries

This paper focuses primarily on the concerns with gasoline sulfur levels in the Uniled
States. However, other countries are also taking steps to limit the sulfur content of gasoline as
well as diesel tuel. The characteristics and operating circunisianees of nationai and regional
gasoline refining industries differ to some degree from country to country. While most refiners
have access to the same crude oils, some utilize local crude oils with untque compositions. Also,
the mix of refined products differs from country to country. For example, the market in some
countrics is mare oriented to distiflates (e.g., diesel fuely and others to gasoline. However, the
prisnary benefits of sulfur control in other countries are the same as those here - to enable
advanced enission control techinologies and 1o reduce emissions from cwrent or future vehicles.
Harmonizing emission standards and test procedures across national boundaries which meet the
levels of control EPA detormitngs to be appropriate is also a long-term goal of EPA. While
considerable effort s siill reguired to achieve this goal, #t cannot be achicved without
harmonizing those aspecis of fuel quabity which affect vehicle technology and cmissions. Thus,
international regulmory activity on vehicle standards and fuel quality should be considered ax
EPA praceeds 1o develop regulatory programs affecting both vehicles and gasoline sulfur levels.
This chapter presents at overview of the current and proposed gasoline sulfur standards in other
countries as well as international requiremcents and aotivities for reducing gasoline sulfur lovels.

A, Cunada

In Canada, the Canadian General Standurds Board {CGSEB) has adopted voluntary
standards for gasoline xulfur bllowing a conseasus process involving the producers {refinenies
and importers}, users {(C.g.. swtomobile manulacturers), and other partics {e.g.. governiments),
This process is very similar 1o the process followed by ASTM in the US. The CGSB’s standard
for gasoline sultur 13 1000 ppm, which is the same as the level established by ASTM in the US,
Ahbough CGSB's standard for unleaded gasoline specifies a maximum sulfur content of W00
ppm, there are no federad requirements that Hmit gasoline suifar levels. However, the Canadian
government is currently considering reductions in gasoline sulfur levels nationwide
Recommendations (o reduce sulfur 1o levels as low as 30 ppm on average/80 ppm maximum
have been made, although no final decisions have been reached, The Canadian government is
collecting comments on the range of recommendations, and will hold a public mecting in May
1998 1o gather additional commenis.

Individual Canadian provinces have adopted the CGSB standard, or some other standard,
for gasoline produced in that provinee. For example, Ontario has adopied the CGSB limit, while
Quehec's "Réglement sur Jes Produits Péuroliers™ limits the maxinum level of sulphur in gasoline

* See Repurts refercnced in: Glenn Altard, Environnment Canada, Monorandum to Sieering Committes

members, Sulphur in Gasoline and Diese] Studies, Repars Concersing Sulphinr in Gasoline and iesel Fuels, 29
August 1997,
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to 1500 ppm. British Columbia has cleaner burning gasoline regulations which specify average
sulfur reductions, but also permit compliance by demonstrating that reductions in NOx emissions
have been achieved, as determined using the U.S. EPA’s Complex Model. Hence, while the
sulfur levels specified in the regulations are expecied to be seen on average, the potential exists
for some gasoline 1o have higher sulfur levels (while still mecting the NOx emissions
performance standards). British Columbia’s regulations specify that beginning in 1999, the
annual average sullur level of any primary distributor must not exceed 150 ppm in Southwest
B.C. and Vancouver Island. Beginning in 2000, the annual average must not be greater than 200
ppm for the rest of the province. '

B. European Union and Countries within Europe

Recently, the European Parliament adopted [uel quality specifications lor gasoline and
diesel fuel. These fuel specifications include a 150 ppm cap on gasoline sulfur beginning in the
year 2000. Beginning in the year 2003, this sulfur cap is lowered to 30 ppm. The Parliament
must now reach a “common position” with the European Council of Ministers. A common
position is anticipated and a final rule for the European Union is expecled between May 15 and
June 1 of 1998."7 In addition, Sweden and Finland have had tax incentive programs since 1994
that encourage gasolines with sulfur levels below 100 ppm.*

C. Qther Countries

In addition to the United States, Canada, and Europe, other countries around the world arc
also implementing programs to limit gasoline sulfur levels. A summary of the current and
expected future gasoline sulfur stundards for various countries around the world is presented
below in Table 8. In Mexico, cleaner-burning fuels are required in Mexico City during the
winter. In October 1996, the statc-owncd otl company PEMEX began offering and promoting a
gasoline called magna reformulada. This gasoline has been described as “comparable to CARB
Phase 2 RFG.” However, the sulfur level of this gasoline can be as high as 500 ppm. The magna
reformulada fuel may be expanded to Monterrey and Guadalajara in the future. In addition, the
government plans to subsidize the retail price of the fuel.*

7 Memorandum from Fred L. Poiter, Information Resources, Inc.. to Margo Oge, U.S. EPA, European
Parliament Passes Tight Fuel Specifications, 18 February 1998,

¥ Tushingham, Dr. Mark, “Inlernational Activities Directed at Reducing Sulphur in Gasoline and Diesel,”
Environment Canads, 25 August 1997,

¥ Allred, Kenneth R, "Why Fuel Sulfur Varies Worldwide,” Hart's Fuel Technology & Management,
January/February 1998, [Refer to this decument for sulfur levels in the following countries: Germany, Austria,
Switzerland, France, United Kingdom, Central/Se. Evrope. Latin America, Asia (except Japan), and Australia.

*® Tushingham, 25 August 1997,
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Japan has cstablished a maximum per-gallon limit for sulfur in gasoline of 100 ppm.
Howecver, in 1996, Japanese regular gasoline had an average sulfur level of 27 ppm whereas the
average sulfur level of premium gasoline was 7 ppm. Although in the future there is a possibility
that Japan may sct similar gasoline standards to those ol the U.S. or the European Union (through
the new Japan Clean Atr Program), there will most likely be no additional improvements in
gasoline sulfur levels in the near term due to the very low sulfur levels already seen in the
country.” Elsewhere in Asia, Thailand regulations require a cap of 1000 ppm sulfur in unleaded
gasoline. ’

In Australia, the government of the state of New South Wales (NSW) proposed to reduce
sulfur in gasoline to 100 ppm initially with a further reduction to 40 ppm. The current sulfur
standard of NSW gasoline is approximately 200 ppm. Australian gasoline overall has an average
sulfur level of 175 ppm in regular unleaded gasoline and [51 ppm in premium unleaded.

' 1demitsu Kosan Co., Lid., “Clean Air Program in Japan,” Presentation to the U.S. EPA, December 1997,
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TFable . Summary of Gasoline Suifur Levels in Other Countries
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Vi, Stukeholder Pusitions on Sulfur

A number of parties huve taken positions regarding the need for and appropriateness of
gaxoline sulfur control for the benefit of polential Tier 2 vehicles and the fleet as o whole. The
following sections summarize the positions taken by various interested parties on this issue.

A. Auntomotive Industry

AAMA and AIAM have jointly petitioned EPA to limit gasoline sulfur level for ait
gasoline {outside of California) “'as soon ax possible”™ ¢ the level that is "ag low as pructicable
but in no case greater than 40 ppm per gallon by weight..or, ... so greater than 30 ppm annual
average by weight with a per gallon cap of 86 ppm.™* The petition claims that sutfur control is
neeessary for the following reasons:

’ Higher sulfur levels will reduce the benefits of current and advanced technology
vehicles by impatring the enission control systems.

’ Fuel sulfur contributes to arr quality problems such as particulate, sulfur oxides,
and air toxics emissions.

. The sulfur impact on enussion control Systoms 18 irreversible under normal
operating conditions.

* if sulfur is pot controlled, more fuel-efficiont technologies will not be introduced
in the U.S. because of their great sensitivity 1o sutfur.

The petition also states that sulfur reduction technology is available to refiners, is a cost-effective
preany o reduce cmissions, and is already used in California and in other countries, EPA is
currently in the process of reviewing the petition.

Several individual automakers have also released positions on the need for gasoline salfur
control. Chrysler Corporation has concluded that high fucl suliur levels reduce catalyst
efficiency, increase tailpipe emissions, and are a barmer 10 Jean burn technology.® To address
these issues, they have recommended California sulfur levels (30 ppmyon average, 80 ppm max.)

H American Auiomobile Manufacturers Association and Assesislion of Intersations) Autanchile
Munutaclurers, "Petition to Regulate Sulfur in Gasoling Under Sectlon Z211{c¢] of the Clean Atr Act.” Refore the
tnited Sutes Environmental Protection Agency, March 19, 1998,

* Roltz, Ronald R., “What's Comning - Emissien Cantro! Siandacds and Technology,” presentation to the
CRC AutofOil Symposium: The Search for Sulfur-Telerant Emizsion Cantrof Svotems, Degrborn, ML Sepiember
T, 1997,
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Similarly, Ford Motor Company has concluded that the catalyst technologics presently being
developed for 2002 model ycar and tater vehicles will not be capable of mecting LEV/ULEV
standards with fuel sulfur levels greater than 300-500 ppm.*

B. (il Industry

API and NPRA recently recommended a sulfur control program which they believe will
meet environmental needs and will be less costly than the approach advocated by the auto
industry.” Acknowledging that Tier 2 vehicles will benefit from sulfur control, APl and NPRA
advocate a regional fuels program, under which all gasoline sold in ozone nonattainment areas
and the 22 OTAG states would be limited o 150 ppm sulfur, on average, during the summer
ozone season. The gasoline sold in the rest of the country would be limited to 300 ppm, on
average, during the same period. The industry recommends that this program begin January 1,
2004, or when the Tier 2 standards take effect, whichever is sooner. These recommendations are
based on claims of significant NOx emissions reductions and a cost to the indusiry ol about $3
billion, equivalent to a production cost increase of about two cents per gallon of gasoline sold in
the recommended covered arcas.

Tosco, an independent refiner, has recommended that all gasoline produced in the U.S.
outside of Calilornia meet a per gallon cap of 80 ppm sulfur.

C. Catalyst Manufacturers

Catalyst manufacturers have expressed views which support many of the conclusions
reached by the automotive manufacturers. For example, the Manufacturers of Emission Controls
Association (MECA) has recommended setting a ncar-tcrm cap on sulfur in the 180-220 ppm
range and a longer term cap of 80 ppm.* MECA cited several factors which influence the impact
sulfur has on catalyst performance and the degree to which the impact is reversible, and
suggested that catalysts designed for LEVs may see a greater impact and less reversibility than
carlicr models. An international association of European catalyst manufacturers and designers
has also concluded that sulfur's impact on catalyst conversion efficiency increases at very low
cmission levels.” This organization claims that the development of a sulfur resistant catalyst

Y Gandhi, Haren S, "Elfect of Fucl Sulfur on Automotive Three Way Calalysts,” presentation to the CRC
Auto/Oil Sympasium: The Search for Sulfur-Tolerans Emission Control Systems, Dearborn, M1, September 11,
1997.

T "API/NPRA Sulfur Recommendations,” March 20, 1998,

* Manulacturers of Emission Controls Association, "The Impact of Gasoline Fuel Sulfur on Catalytic
Emission Cantrol Systems,” October 1997,

7 Searles, R.A., Autamobile Emissions Control by Catalyst (AECC), "The Effect of Sulfur on Durability
and Performance of Catalyst Based Emission Controls,” 18 June 1997,
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would require a trade-off between catalyst performance and removal of other pollutants.
Furthermore, they state that sulfur has an immediate cffect with just one tankful, although most
of the catalyst performance will be restored when low sulfur fuel is used. They also raise
questions about the long term durability of emission control systems operated on high sulfur fuel.

D. State and Local Air Quality Managers

Recently, the State and Territorial Air Pollution program Administrators (STAPPA) and
the Association of Local Air Poliution Control Officials (ALAPCO) jointly resolved that EPA
should adopt a two-phase national cap on sulfur in gasoline, specifying levels of approximately
200 ppm by 2001 and no higher than 80 ppm by 2005."* This resolution was based on a number
of findings of the organizations, including the belicl that reducing sulfur in gasoline can decrease
emissions from vehicles, the fact that EPA recently promulgated new ambient air quality
standards for ozone which will require additional emissions reductions, and their desire that
states and localitics get maximum emission reductions from EPA's motor vehicle control
programs.

IE. OTAG recommendation

OTAG, which is comprised of representatives from each of the 37 states in the Eastern
half of the U.S., was formed to identify options for controliing the transport of ozone and ozone
precursors. In addition to supporting the usce of Federal reformulated gasoline, OTAG
recommended that EPA adopt an “appropriatc” sulfur standard to “further reducc emissions and
assist the vehicle technology/fuel system to achieve maximum tong term performance.”

“ STAPPA/ALAPCO RESOLUTION ON A NATIONAL GASOLINE SULFUR CAP, Adopled October
28, 1997.

* Ozone Transport Assessment Group, “Recommendation; Gasoline,” Approved by the Policy Group.
May 13,1997,
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VIi. Conclusions

Based on the data and information obtained to date, EPA staff believe that some level of
gasoline sulfur control is appropriatec. While it is probable that vehicle emission control
technology will continue to develop and that catalysts may be able to be designed (o be less
sensitive Lo sulfur, complete sulfur tolerance appears highly unlikely. The ability to design
emission control systems to achieve complete reversibility of the sulfur effect appears possible.
However, the necd for manufacturers to mect stringent off-cycle emission standards beginning in
2001 will increase the difficulty of both of these tasks, particularly that of achieving easy
reversibility under normal driving. Therefore, i1 appears appropriate (o evaluate various fevels ol
sulfur reduction, applicable in both regional arcas and across the entirc nation, while the Agency
is developing Tier 2 standards for 2004 and later LDVs and LDTs.

The appropriate sulfur level for commercial gasoline remains to be determined. EPA is
continuing to conduct refincry modcling in order to better estimate the cost of sulfur control,
including the use of advanced sulfur removal techniques. EPA will also be analyzing the
detailed emission data contained in the two industry LEV-sulfur test program in order to develop
improved estimates of the sulfur sensitivity and reversibility of Tier 2 vehicles. When
determining the appropriate sulfur level for commercial gasoline, EPA will also address the
current mismatch of sulfur between commercial gasoline and EPA test fucl.

To identify the appropriate sulfur control strategy and Tier 2 standards, EPA will continuc
to work closcly with interested partics, gathering their input along the way. A public workshop
will be held in May, 1998, to discuss the technical issues raised in this StafT Paper. Throughout
the coming months, EPA will continue to interact with individual companics, tradc
organizations, the states, and environmental organizations to determine the best approach to
dealing with this issue. Staff are recommending that the Agency develop proposed gasoline
sulfur standards to be implemented coincidentally with the implementation of the planned
proposcd Tier 2 emission standards for LDVs and LDTs.
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STATEMENT OF THE US. ENVIRONMENTAL PROTECTHON AGERCY
ON COURTS DECISION ON CLEAN AIR RULES
May M4, 1999

“EPA stands by the rieed for the health protections embodied by the clean air standards
and the science behind them, The soot and smog standards put in place almost two years ago will
profect the heatth of 125 million Americans, including 33 miliion children. In fact, today's ruling
from a punal of judges from the U5, Circutt Cowrt of Appeals for the Distriet of Columbia does
rot quesiion the science and process conducted by EPA justifying the setting of new, more
protective standards. However, the panel called into gquestion the constitutonality of the primary
public health provisions of the Clean Air Act that on numerous occasions have been ratified by
Cangress and, until now, the courts. These provisions have afforded the American people with
strong public health profections for over 25 years, EPA is currently reviewing all options to
preserve these standards, but infends to recommend an appeal to the Department of Justice. If the
couris fiil W uphold these protective standards, Congress must ensure thai these protections are
preserved for the American people and EFA stands ready to work with them.”
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THE US COURT OF APPEALS FOR THE D.C. CIRCUIT
DECISION ON EPA’S PUBLIC HEALTH AIR STANDARDS
FOR SMOG AND SOOT

Ignoring Supreme Court Law:

® On May 14, 1999, in a split decision (2 to 1), a panel of the U.S. Court of Appeals for the
D.C. Circuit ignored over a half century of Supreme Court law. It held that the Clean Air
Act -- as applied in setting the new public health atr quality standards for ozone (smog) and
particulate matter (soot) -- 1s unconstitutional as an improper delegation of legislative
authority to the Environmental Protection Agency (EPA).

. In constructing the programs that provide many of this nation’s most important public
health and safety standards, Congress, EPA and other federal agencies have relied on
a 64-year history of Supreme Court and Court of Appeals jurisprudence sustaining
similar Congressional delegations of authority.

. The panel’s split decision -- a radical departure from that well-established case law --
carries with it dangerous implications for not only the new public health air quality
standards, but also for many other federal laws or rules enacted to protect the health
of the American people.

* In a vigorous dissent, Judge Tate! declared that “the court ignores the last half-
century ol Supreme Court nondelegation jurisprudence, apparently viewing thesc
permissive precedents as mere exceptions to the rule laid down 64 years ago [in a
1935 case].”

Upholding EPA’s Science and Process:

. Despite the constitutional ruling, the Court rejected the central arguments of industry’s
claims. The Court did not question the science on which EPA rehed to develop the health
standards or criticize EPA’s decision making process. The Court stated that:

. “the growing empirical evidence demonstrating a relationship between fine
particle pollution and adverse health effects amply justifies establishment of
new fine particle standards.”

. there was “ampie support” for EPA’s decision to regulate coarse particulate
pollution.

. EPA complied with the Regulatory Flexibility Act as amended by the Small
Business Regulatory Enforcement Fairness Act (SBREFA) and Unfunded
Mandaltes Reform Act (UMRA),

Delaying Public Health Protections:

o If not overturned, the Court decision will jeopardize or put on hold the new public health air
standards for soot and smog which would protect the health of 125 million Americans, including
35 million children. Taken together, thesc harmful pollutants contribute to acute health effects
ranging from premature death to exacerbated asthma and other respiratory problems.

The Decision: Specifically, the Court’s deciston:



. did not question Uie nead to provide the Amencan public with strong health
protections through tghtened smog and seot starklards.

. rejected the claim that EPA consider costs when setting naiional air quality standards.

. left the 8-hour ozone standard in place, but stated that it “cannot be enforced.”

» vacated the revised coarse particle (PM10) standards, but the old PM10 standards still
apply.

The Court asked for further briefing on several 1ssues. On June 18, 1999, the Court mied that
the PM2.5 standard should remain i place. However, the Court will allow pariies to apply for
the standard to be vacated if “the presence of this standard threatens a more innmineat harm”
Presumably, the “hanm’ refers to the burden on sources comnplying with the regulations,

EPA strongly disagrees with the decision. On Jupe 28, 1999 EPA and the Department of
Justice filed a petition for rehearing en hanc asking the emtire DX Clircuit to reverse the
decision of the panel.

Providing Anericans with Cleaaer Alr:

As & result of an intial interpretation of the Court’s ruling, EPA helleves it can continue to
move forward with other vital ¢lean aiv programs that will provide the Amencan prople with
important henith protections, inclading:

« procecding with its proposal for cleaner vehicles and cleaner gasoling,

. ensuring the air quality moniforing program continues and the PM 2,5 monitors are put
in place.

* continuing support for voluntary “right-to-know™ programs managed by states and

coordinated through EPA, such as the Ozone Action Days and the air quality data
submitied jo EPA’'s Intermet Ozone Mapping Site,

* designating arcas as attainment or nonatlwinment for the new &-hour ozone standards,

EPA is continuing to evaluate the impacts of this decision on, and next steps for, other clean
air efforts, including the effect of the decision on areas where the 1-hour ozone standards and
the old PM 0 standards have been revoked.

On May 25, 1999, in a separate case, a 3-judge panel of the same court (inchsding the two
Judges who wrote the majority in the wir standards case) issued an order partially staymg the
implementation of the EPA plan to reduce the state-to-siate transport of smog (NOx SIP call),
which will protect the health of millions of Americans in the castern U, This is not 2 ruling
on the merits of the plan, but a delay to allow all parties © argue their case before the court,
EPA s evaluating the order, and, in the fall, will Join 2 number of states in arguing before the
court the need to move forward with these imporiant heaith protections. Ravised 62459



THE WHITE HOUSE

Office of the Press Secretary

(Seattle, Washington}

For Immediate Release May 14, 1999

STATEMENT BY THE PRESS SECRETARY

We are deeply disappointed by the Court of Appeals' ruling today on
clean air standards, particularly given the court's explicit recognition
that there 15 a strong scientific and public health rationale for
tougher air quality protections, We will continue to do everything
within cur power to ensure that the Ametican people are adequately
protected against smog, soot, and other haemful air poflutants. The
Administration is stud);ing the ruling closely and will decide in the

near future on a specific course of action,
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American Trucking Assoclations, Inc. v. USEPA,
Nos. 97-1440 and 97-1441 (D.C.Cir. October 29, 1999)
Summary of Opinions Re EPA's Request for Rehearing of May 14, 1999 Decision
General Summary

« Injuly 1997, EPA issued health-based air quality standards for ozone and particulate malter, In
response to challenges filed by industry and others, a three-judge pancl of the United Staies Court
of Appeals for the District of Columbia issued a split opinion on May 14, The relevant portions of
this opinion are summarized below.

o« On June 28, 1999 EPA filed a petition for rehearing on three aspects of the May 14 decision.

o The pelmon gave the ongmal three-judge panel the oppartunity to reconsider and modify
portions of its May 14 decision.

» The petition also asked the entire D.C, Cireuit to rehear three issucs and reverse the decision
of the original panel.

» The three aspects at issue were whether the panel erred:

w in determining that the Act, as applicd and without further clarification, represents an
unconstitutional delegation of legislative authonty;

m in concluding that EPA Jacks authority to implement the revised, more stringent
ozone NAAQS;

® in determining that EPA must consider alleged benefits of ozone poliution to address
health risks posed by the sun's natural rays when setting an ozone NAAQS,

« On October 29, 1999, the Court responded to EPAs petition,

» The original three-judge panel kept most of its original decision as issued on May 14, but it
partially modified one aspect of 115 decision (see the "Ability to Enforce Ozone Standard”
gection below)

o Rehearing before the entire court was denied, aithough the majority of wtmg judges voted
in favor of rehearing.

» On the key constitutional issue, of the nine judges who voted, five voted in favor of
granting the petition for rehearing i {front of the entire Court, {Two judges did not
participate in the decision for unspecified reasons.)

= ~The petition for rehearing was denied, however, because the court rules requirca -
majority of the 11 acuve judges to vote for rehearing {rather than 2 majority of the
voting judges).

m -A vigorous opinion in favor of rebearing, stated that the panel’s decision on the
constitutional issue was “fundamentally unsound” and went on te conclude that "the
panel implicitly asserts a greater role for a reviewing court than is justified.”

» The industry challengers to the July 1997 health-based air quality standards did not seek rehearing
~on any of the i1ssues they lost in the May 14 decision - including those portions of the panel's
decision that npheld key aspects of the science EPA relied on and the process EPA followed in
setting the standards.
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Summary of Specific lssues

o« NONDELFEGATION DOCTRINE:

o May 14 Panel Deciston: In the May 14 decision, the Count held (2 to 1) that the Clean Air
Act, as applied and absent further clarification, is unconstitutional because it “effects an
unconstitutional delegation of legislative power."

m The Court stated that "the factors EPA uses in determining the degree of public health
eoncern associated with different levels of ozone and PM arc reasonable "

u However, the Court szid that when EPA considers these factors for non-threshhold
pollutants, "what EPA lacks is any determinate criterion for drawing lines" 1o
determine where the standard should be set.

m The vigorous dissent on this issue stated that the relevant Clean Air Act provision's
“delegation of authority is narrower and more principled than delegations the
Supreme Court and this court have upheld since [a 1935 case relied on by the
majority]."

= Qctober 29 Panel Decision on Rehicaring Request: In a split opivion reiterating s earlier

views, the panel denied rehearing on this 1ssue.

« Request for Rehearing Before the Entire Court: Of the nine judges voting, five voted to have

the entire Court rehear the case -- $1x votes were neaded {o grant rehearing. Four of these
five clearly said that the panel's decision on the nondelegation doctrine should be reversed.

w [n astrongly worded opinion, three judges concluded that, "Not only did the panel
depart from a half century of Supreme Court separation-of-powers jurisprudence, but
in doing so, it stripped the Environmental Protection Agency of much of #ts ability 1o
implement the Clean Air Act, this nation’s pnmary means of protecting zhe safety of
the air breathed by hundreds of millions of people.”

» ABILITY TO ENFORCE THE REVISED OZONE STANDARD

» May 14 Panel Decision: In the May 14 decision, the Court held pardoxically that the Clean
Air Act allows EPA to revise the primary ozone standard, but stated thai the revised ozone
standard “cannot be enforced.”

« Qctober 29 Panel Decision on Rehearing Request: In response o EPA’s petition for
rehearing, the panel modificd this portion of the opinion.

m The panel replaced language in the May 14 decision stating that the revised ozone
standard "cannot be enforced" with language saying that it could be enforced "only in
conformity with Subpart 2.

» -The majority did not explain what it meant to enforce a revised ozong standard
"in conformity with Subpart 2," which seis out specific requirements for
enforcing the pre-existing 1-hour ozone standard.

m -The {:{mc{ming opinion states that this "leaves open the possibility that the
new ozone standard can be implemented in areas that have attained the old
standard.”

» The panel also changed the May 14 decision fo say that Subpart 2 does not bar EPA from
enforcing a revised secondary air quality standard. This replaced language that would have

2ol 120200 4243 PM
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precluded EPA from enforcing a2 revised secondary standard before an area had attained the
pre-existing 1-hour standard.

o The panel also modified its rationale for not vacating the 8-hour ozone standard. It
continues to-allow the 8-hour standard to remain in effect because "the parties have not
shown that the standard is likely to engender costly compliance activities in light of our
determination that it can be enforced only in conformity with Subpart 2."

o Reguest for Rehearing Before the Entire Court: The petition for rehearing this issue helore
the entire court was dented.

» CONSIDERATION OF UVb RADIATION

o May 14 Panel Decision: In addressing whether EPA should have considered alleged beneliis
of ground-level ozone as a shickd in blocking ultraviolet {(UVb) radiation, the May 14
decision held that EPA must consider whether ground-level ozone has a beneficial effect,
and if s¢, consider such effects in assessing ozone's net effects on health,

clober 29 Panel Decision on Rehearing Request: The petition for rehearing on this issue
was denied.

» Request for Rehearing Before the Entire Court: The petition for rehearing on this issue was
dented,
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