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EPA Staff Paper on Gasoline Sulfur Issues 

Executive Summary 

10 response to a Congres.sional mandate contained in the Clean Air ACl, the U,S, 
Environmental Protection Agency (EPA) recently published a draft study of the air quality need 
for and the fC<I';ibilily and cost~cffcctivcncss of emiss.ions reduction/> from lighHluty vehicles 
(LDVs) ~lI1d light-duty trucks (LDTs) beyond those required by the existing Tief 1 emission 
,standards, EPA plans to follow this study by the end of 1998 with a notice of proposal for lhis. 
ncxtlcvcJ of emission standards, Tier 2 Mandards. In evaluating the technical fcasihililyof 
additional cmi;~5jon controls. the draft Tier 2 study identified commercbl g(L'mlinc sulfur levels 
as tl potentially signiiicant factor in determining the emission comrol pOicflhal of future vehicles. 
Hence, as purt of estahllshing Tier 2 standards. the Agency will also establish u gasoline sulfur 
control program, to be proposed in the smne time frame. 

Thl,,. p,tlpcr presents EPA'" current understanding of the impact of gasoline sulfur on 
emissions from currcnt and future motor vehicles. The paper also explores what can be done by 
gasoline pnxlol.:cn; and automohile manufacturers to reduce sulfur's intpact on vchicle cmissions. 

The Impacts of Gasoline Sulfur on Emission Control Systems 

Modem gasoline~rllclcd vehicles use catalysts to reduce cmissions of hydrocarbons (He). 
carbon monoxide (CO), and oxides of nitrogen (NOx) hy over 90 percent (%). Sulfur is a 
catalyst poison. Sulfur and sulfur oxides inhihit the reaction of He, co, and NOx on lhe 
catalytic surface, Sulfur also interferes with the management of oxygen on the catalyst surface, 
which r'!lu~t be preciscly comrollctilo maximize l\"Ox emission reductions. The degree of 
sulfur's interference nppears to depend on muo)' factors. such as !he spcetfic design or tbe 
calalysl, the range or exhaust temperatures experienced by the cuwlyst. the m!llennls used to store 
oxygen in die catalyst. and the nmge of air-fuel mixlUrcs fed to the engine. Of all or the noble 
metals used in modem catalysts. palladium appears to be the most susceplible to sulfur 
poisoning. Likewise. of oxygen storagc media, ceriu appeurs to be the mosl sensitive to sulfur. 
Palladium is currently the catalyst of choice of most vehicle manufacturers for their emission 
control systems designed to meet California's low emission vehicle (LEV) smndards. Pulhldium 
is able to withstand higher lcmpCrttturcs, which allows the catalyst to be placed closer to the 
engine and sian working sooner ~Iner ,I cold start. Ceria allows tbe catalyst to operate ~it its 
maximum efficiency over a wide range of vehicle operating conditions. which is critical [0 

n;:uucing cmbsiolls in-usc ami not just in the luhDralory. 

It is possible lhat fllltlre oplimization of catalyst and engine designs could reduce the 
impact of sulfur on catalyst pcrformance. For example, the increased usc of the precious mctal 
rhodium in cHtalysls and the maintenance of consbtcntly high temperatures during typicaJ 
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operation (e,g., ubove 650~C) may reduce the negativc emissions impact of sulfm. (ncrcasing 
the total precious tIlt:tIiI content of the catalyst C'in also reduce the impact of sulfur, though at 
significant cost. Howcver, due to sulfur's Inherent chcmieul nature. it is highly unlikely that the 
impact of tmlfm ean be completely eliminated. As tighter emission standards require higher 
c.atulyst clTiciencics, the imp")Cl of sulfur is bound 10 be more dramatic. 

Automakcrs and oil companies have both recently completed exten:;:ive test programs to 

invcstig;:ltc. tbe impact of sulfur on emissions fmllt vehicles meeting California LEV standards. 
These vehicles arc currently being sold in the Northea.l;l and wit! be sold ni.tionwide starting in 
20(}1. as part or Ihe voluntary National Low Emission Vehicle (NLEV) program. Some of the 
results of this testing are summarized in Table El below. Many of the vehicles tested failed their 
certified emission standards when using higher sulfur fuels. 

'fable IU. Average Increase in Emissions for LEVs and ULEVs Relative to 40 ppm Sulfur 
ISOtiHe eRe and AA~IA!A1A,,\f Tesl Pro~rumsl 


Pollutant 
 NOxNMHC 

150 330 


All LOV/LOTI • 


Foci Sulfur, ppm 150 '330 

43,0% 65,7%26,7% 
H6% 

33,7% 65,5%23.0% 26.4%All L01'2/LD1'3 • 

LDV/U)Tls Broken Dm1/1l by lv'/vlHC+blOx Emissions with 40 ppm Sulfur Fuel 

26,8% 44,0% (27%9 Lowest Emitters 264% 


9 Highest Emitters 
 26,6% 42,1% 41,2% 84.2% 

U) VILOTlx IJmkcn DowlI by the Sensitivity ofNMflC+NOx Emissio11s to SII{fur 

)2,2%, 9 Least Sensitive 31,0%495% 610% 

: 9 1\,105t Sensitive 25,1% 422% 122% 251% 
•I.DV '" lIghl dUlY velude (p;mengtf car}: LOT 1 "" light dUl)' trUCK. d:m 1 
(> LDT 1. = lighl d!lly ifUc\, cJa'i1 2; tDT '3 = :lgllI JU!)' !HI''::k. c:a" 3 

These emission impacts are very significanl, particularly for NOx emissions. For 
example. the data indicate lha( if a LEV LOV emils 0.30 grams. per mile (glmi) NOx with 40 
pariS per million by weight (ppm) sulfur fuel al loo,noo milc..<.; (which is the LEV emission 
standaJ'd fo.r NOx), this vehicle would emit 0.71 glmi NOx with typical non-California fuel. This 
level exceeds the NOx standard for Ticr 1 LDVs, which these LEV:; replaced. Even in RFG 
areas. after implementation of the Phase II RFG standards in 2000 (which arc expected to result 
in average sulfur levels of 150 ppm), this LEV LDV would emit 0.50 glm!. 

EPA Staffl'aper: Gasoline Sdfur It 



Sulfur im.:reascu the cmi~"ions from every vehicle in thes.e tcs.t programs. (i.c., nol one 
vehicle wa.s complelely insensitive to s.ulfur). However. some of the vehicles were leSs. sensitive 
to sulfur [h<ln others. This variability is not surprising. given thut these vehicles were primarily 
designed 10 be operated on California Phase 2 reformulated gasoline, which contains less than 40 
ppm sulfur on average, As menlioned above, vehicle manufaccurers muy be able to directionally 
reduce the impact of sulfur in future vehlclcs, 

To illustrate this variability, the impact of sulfur on four subsets of the 18 unique LDVs 
anti LDT I s tested in (he two industry programs are <llso sumtl1<1rized in T<lble EI. The impact of 
sulfur on NMHC emiss.ions from the nine vehicles with the lowest NMHC+NOx emission:- on 
Ca!ifnmia~likc 40 ppm fuel is c;;'scnlialiy the ~3mc a:-. {he impact of sulfur on the remaining nine 
vehides. However, the imp(\ct of sulfur on NOx emissions fwm the nine vehicles with the 
Jowc..'\l NMHC+NOx emissions 00 California-like 40 ppm fuel is much greater than the impact of 
sulfur on the remaining nine vehicle:" This is consistcnt with thc ovemll trend observed that 
sulfur's impact, particularly on NOx, increm;es. us the overall stringency of emission collirol 
mcrc~lscs. 

At the same time, NOx emiso;ions fmm the nine vehiclcs ~howjng the leas! sulfur 
sensitivity (in terms of NMHC+NOx emissions) are much le..'l:s sensitive 10 ~uJfur than the 
remaining nine vehicles, The opposite is true for NMHC emissions. because the chang~ in NOx 
emissions with higher sulfur is much greater tbnn that for NMHC 

EPA expects: that auto manufacturer!; :;hould, in general, be tlblc to reduce the sulfur 
sensitivity of LEVs and ULEVs to that of the nine leasl sensitive vehicles, However, one factor 
not rdleeted in these data is the' need to meet stringent emission standards, applicable during 
periods of aggressive dflving and lISC of the ail' conditioner, starting ill 200 I. These ';ofi'~eycle" 
standards will place additional limits. 011 the fuel management str'Jtegy and cataly,,,;t designs used 
by manufacturers. In particular, more precise air-fuel mixture control willlikcly be required. 
This could eliminate one method which nppcars to reduce sulrur'~ emission impact, wide swings 
in the air·fucJ ratio. Future Tier 2 vehicles may also h:we to meet more stringent emission 
standards than tod;:ly'S LEVs, which could further limit the m:mufacturers' choices fOl' emission 
control system designs. EPA plans to fUl1her analyze the emission data produced in these test 
programs to determine the degree that off-cycle standards would affect manufacturers' abilities to 
dc;.;ign emission control system;.; with lower sulfur !l.cnsitivity. 

While s.ulful' has a large impact On emissions from current low~emission vehides. 
tcchnologkul ndvances arc ulso being made to improve the fud cfficiency of the nation's 
vchides. Gnsoline direct injection engines and fuel ceUs arc tWO of the advanccd powerpJants 
being developed. Both of these technologies may be more sensitive to sulfur than current 
vehicles; current designs of Ihese powerplants can tnleralc very lillie gasoline sulfur. Therefore, 
gasoline sulfur removal is not only important to maintain the emission control potential of 
current vehicles, but is being highlighted by many as till Important technology enabler in the 
future. 
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Finally, the automotive industry has expressed concern that sulfur wilt also interfere with 
the On~b()3rd diagnostics (OBD) systems de~jgned to monitor catalyst perfomulIlcc. OBO 
catalyst monitors utilize oxygen scnf-ors which incorporate catalytic materials which can be 
compromised by sulfur much like the exhaust cataly:..!. EPA has evaluulcd the impact of ~ulfur 
on aBD catalym monitors in the past and determined that any significant impacts shouid be 
limited to a few specific modcl lines, EPA is willing to address any sulfur-related OBD 
compliance prohlcms on ,1 model~specific basis during certification, 

Fuel and Vehidc J~mission Controls as a System 

Vehicles should be designcd to mc:et emissions standards bused.) in part, upon the range or 
fuels that arc u~d to certify the emissions pcrrorm;mce as: welJ,as: lhc range of fuels likely to be 
encountered in-us:c. Currently. the test fuels used by indu!:>try and EPA for federal vehicle 
certification rel1ecl a narrow range of permitted fuel spccificnriol1s and can differ substantially 
from the gasolines actually sold nationwide. particularly with respect to sulfur content. The 
sulfur lC\'cl of thc test fuel generally used in federal certification is typically less than 100 ppm, 
often ~tpproaching that of C~ilifornia certification fuel. which averages about 30 ppm sulfur. 
However, while C~llifornia restricts: the sulfur content of commercial gasoline to about 30 ppm on 
average, gasolilles sold outside of Califomia nveragc over 300 ppm sulfur. Even federal Phas.e 2 
reformulated gasoline, which will not he available until 2000, is expected to average J50 ppm. 
still well above that of typical federal certtfication test fuel. 

For Tier 1 .Imi earlier vehicles, this difference in sulfur levels between certification test 
fucl and commercial gasoline;.; probably did not affect the emission cotllrol technology selected 
for usc by automakers, since sulfur's effect on emissions from these vehicles was smaller. With 
adv.mccs in emission control technology. this is no longer the case. Therefore, the arguments in 
favor of changing the sulfur content of certification test fuel to match thut of commercial gasoline 
arc increasing. The only issue is whether thc sulfur eOnlcnt of certification test fuel should be 
increased or th;}t of commercial gasoline reduced. or both, 

Increasing the sulfur content of the certification test fuel would either incrcm~e the 
slringcl1cy oftlie Tier 2 st::lndarJs (by requiring the same level of emihsion reduction with a 
higher sulfur fuel), or result in numerically higher standards than would otherwise he established 
(to accommodate the sulfur impact). Reducing the sulfur content of commercial gasoline would 
do the opposite. It would also reduce emissions from the current fleet of vehicles, reduce sulfur 
dioxide and sulfate emissions from all vehicles. and potcncially enahle advanced low emission 
and fuel cfficicnllcchnologics. These arc the options available for addressing the cuneI!! 
diffcrence in sulfur levels between typicnl certification lest fuels and commercial fuel. 
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Reducing the Sulfur Content of Commercial Gasoline 

Sulfur occurs nalUrally in crude oil. As crude oil is refined, some of thc sulfur ends up in 
gasoline. The umount 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 
of gasoline. the most likely tcchnique would be to remove most of the sulfur from the producl.s 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 sulfu'r levels 
vary between refineries, the cost of removing sulfur varies, as well. 

Significant sulfur reductions would likely requirc investment in new refinery 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 refiners, plus those in the 
Midwest, under contract to the American Petroleum Institute (API). Both of these sets of 
projections are based on current sulfur removing technologies. As can be secn. the projected 
costs of sulfur removal increase substantially as sulfur is reduced from 100 pplll to 40 ppm. The 
MathPro/ API projections arc 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. 

Tahle E2. Preliminary Sulfur Reduction Costs (centI) per gallon) 

Sulfur Control 
Level (Average), 

ppm 

EPAIDOE: Northeast and Gulf 
Coast Refiners With Current 

Technology 

API/MathPro: Northeast, Midwest 
and Gul I' Coast Refiners With 

Current Technology 

150 1.1-I.S 2.7 

100 1.9-3.0 3.4 

40 5.I-S.O 5.1 

While convcntionaltcchnology is capahlc of reducing the sulfur content of gasoline, EPA 
has recently learned of emerging sulfur removallechnnlogics which purport to be much less 
costly. Companies which license these technologies estimate that the cost of reducing sulfur to 
40 ppm (on average) is about 1-2 cents pcr gallon. EPA and DOE are currcntly evaluating these 
technologies to assess whcther these projected costs are reasonable. If so, thell these new 
processes would dramatically reduce the projected cost of sulfur control. 
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Sulfur Control Program Considerations 

Domc~tic and overseas ;)titomakers recemly joimly petitioned EPA [0 implement an 80 
ppm sulfur cap nn aU ga}.oline sold nationwide starting in 2004. (This cap is expectcd to result in 
an average sulfur level of ;)bout 40 ppm.) Several ~tme organizations as. well as automotive 
cillnlyst manufacturers have made similar rccommcndmions, In cnntmst, the trade organizations 
representing tht! majority of ga~oline refiners have proposed a regional sulfur reduction program. 
Linder this proposal, ga<;oline sulfur would be limitcd to !50 ppm on average in a 22·statc region 
during the summer, with u 300 ppm averuge lmUur restriction on gasoline sold elsewhere during 
the summer. 

Clearly, a broad consensus now exists that the sulfur content of commercial gasoline musl 
be reduced to protect the current investments being made in vehicle emission control 
technologies and 10 I~lcilit<itc the achievement of even mot'C stringent emission standards in the 
future. QucStlcms remain regarding [he appropriate level ilnd form of the sulfur limit. The level 
of sulfur reducllon, and whether the limit is based on a refinery average or a pcr.gallon 
maximum, will depend primarily on the factors already discussed. Once the technic;:!] concerns 
of !he emission control syslems are tmswered. the greatest difference between a sulfur standard 
b,lscd on average levels and one based on an absolute cap on sulfur content lies in the 
implications for compli~mcc and enforcement of the requirement, An averaging standard would 
increase the rccordkeeping and reporting rC(luiremenls, and may necessitate the implementation 
of periodic surveys (0 ensure compliance not just al the refinery, hut at Ihe retail level. In 
addition, the identification of the appropriate level of sulfur control will help determine if 
gasoline sulfur levels must be fairly con;.;istcnt over time and ovcr different covered arens. 
Otherwise, compli.mee and enforcement will have to be designed to ensure thai Ihere arc not 
great variations in sulfur levels betwcen cities. 

While Ihe specific sulfur limit will be bas-ed largely on vehicle technology needs. the form 
of the sulfur progmm will he based, in part, on fWO uddltional faclOfs: rcgionaHtyand 
seasonality. If the ozone bcnefits of Tier 2 standards arc of primary m1portance. as assuIl1ed by 
the refiners' associations proPOS;'l!." regional progmm could be defined to encompass most of the 
J1fOjectcd future ozone non-aHainmeni areas, and could he dcsign;ltcd only for the lime or year 
when ozone is most problematic, Limiting sulfur control to specific regions of the country or to 
a specific season would likely reduce the eost of the program, as the cost of removing 5ulfur 
increases as more gasoline is affected. UnGer 8 regional program, rcfincrs who find it less 
expensive to n.~uce sulfur win supply the majority of low sulfur gasoline, while others refiners 
would still havc n market for higher sulfur fuel. CompJimlce costs under a program involving 
mulliple sulfur levels would be somewhat more costly. however, since fuels would likely have to 
be scgregated and compliance from the refinery 10 the rCHlillevel would have to he ensured. 

A key requirement for n region;)1 sulfur program is that the impuct of sulfur be rcvcrsihlc. 
That is, emissions would return to their original low levels once lI~C of high sulfur fuel ceased, 
While the available tc..<;t data are limited, some vehicles' emissions appear to bc reversihle, whih; 
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others' are not easily reversible. The same foctors described above which determine the 
sensilivity of a cmalY5t to sulfur (catalyst design, airwfuel ratio. and lcmpcmwrc) illso appe<:lf to 
affect the ease of reversibility, Likewise. the reversibility of the sulfur effect could be impacted 
in the future by off-cycle emission controls, While Ihe eKistence of sulfur n::vcrsihility would not 
in itself he sufricienl reason to focus on it regional or seasonal sulfur program, its absence would 
be sufficient to only consider natioml.l and yc<t~.round sulfur limits. Also, any degree of 
irreversibillty effcctively increases: the stringcn'cy of the emission standards for auto 
m.mufacturcfs and/or increases their in-usc liability, since vehicles tested in an in-use recall 
program (even iftes!cd with low sulfur fuel) could have been operlHcd on higher sulfur fuel at 
some point in their lives. 

Just ~lS there are many benefits to a regional control program. there"arc numerous reaSOJl;> 
for H single national suII'm standard. The Tier 2 vehicle stundnrd;; arc expected to apply 
nationally (e.g., Hl! states except California); a single commercial gasoline sulfur ;;tandard 
;lpplicable nationwide (all states excepl Califomin} would allow vehidc manufacturers to design 
these vehicles for 11 single in-usc federal fuel, instead of a range of in-usc fuels. A single 
nationwide sulfur standard (particularly a pef-galion limit} would simplify the enforcement of the 
requirement and nwy decrease the possibility of s.ulfur-induced OBD problems. Local areas with 
inspection and maintt!nance (JIM) programs which lay outside of a sulfur control region would 
,liso avoid the !leed for spcciat procedures and cut-points to compen!>Hte for their higher fuel 
sulfur levels. Furthermore. many of the emission reductions associaled with Ihe potential Tier 2 
slanJards and gasoline sulfur reduction would he hene-Deial nationwide (e"g., reductions in 
particulate matter (P:v1) formed from VOC, NOx, and oxides of sulfur (SOx) emissions. 
reductions in air toxic emissions. etc,). A natiomll sulfur limit would also be desirable if lower 
sulfur levels were needed 10 permit the future inlroduction of vehicle technologic,,, which provide 
significant reductions in emissions Ot fuel cons.umptioo" California and Japan have imposed 
stringent sulfur limits .md Europe will decide on a stringent sulfur limiL shonly. Thus, without 
similar sulfur limits throughout the U,S., advanced technology designed ror thc!ie market'; may 
no! be available in the U.S. 

One additional urgument for u natioonlsulfur standard is. that I1wny <1I'cas outside of the 
region covered by the refining indu!'lI)' proposal arc projecTed to only marginally attain the ozone 
standard in the futurc. If these areas experience economic and popUlation growth, additional 
reductions in VOC and NOx emissions will likely be necessary LO ensure mailllcnance of fhe 
ozonc standard. Thus" it is nor clear that a regional stf'J.lcgy similar to the region identified by the 
refiner associations is sufficiently large tl'l cnsure fhat ozonc~rclatcd bcnclils occur in evcry area 
where they are needed. 

The COSI!i of a national program, however, arc likely to be substantially greater than for a 
r.;.gional program. Controlling every gallon of gasoline will require Ihal ~11l refiners take action; 
there would be no market lo accommodate the gasoline that is mOst expensive to controL Given 
that there arc some regional variations in the sulfur cOl1lem of gaso)inc, and that some refiners are 
octter positiom:d than others lo 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 

Based on the data and information obtained to date and the consensus among a wide 
variety of stakeholders, EPA staff recommend that the Agency develop proposed gasoline sulfur 
standards to be implemented coincidentally with the implementation of the planned Tier 2 
emission standards for LDVs and LOTs. There are many issues, such as the health and wclfare 
hencfits of gasoline sulfur control, which will need to be addressed as EPA proceeds. This Staff 
Paper is intemkd to further dialog on these issues, and foster further research. 

To identify the appropriate actions, EPA will work closely with all stakeholdcrs. In May, 
199X, a public workshop will be held to discuss the technical issues raised in this Stafr Paper. 
Throughout the coming months, EPA will continue to interact with individual companies, trade 
organizations, Ihe states, and environmental interests to determine the best approach to dealing 
with this issue. 
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EPA Staff Paper on Gasoline Sulfur Issues 

I. Introduction 

The U.$, Environmcnt~tl Protection Agency (EPA) is considering setting limits on the 
sulfur content of gasoline at this time primarily because advanced automotive catalysts arc more 
susceptible to poisoning by higher sulfur leveJs, I This susceptibility to poisoning has become a 
critical issue as molor vehicle emission standards have become more stringent. Setting a limit on 
sulfur content would also reduce emissions fmm current technology vehicles. The scric.'> of 
reports published by the joint efforts of the automotive and oil industries (AutolOilf and other 
studies in the early 1990's demonstrated that higher fuel sulfur levels increased non-methane 
hydrocarbon (NMHC), carbon monoxide (CO), and oxides of nitrogen (NOx) emissions. With 
Tier 0 and Tier 1 vehicles, sulfur levels up to 500 parts per million (ppm) increased emissions by 
up to 15~20 percent (%) over emissions with sulfur levels around 40 ppm. While the effect of 
sulfur wa:-. significant, iJ1~use levels of !>ulfur did not playa ;-;ubstantial role in defining the types 
of catalysts used on motor vchkl~" meeting Federal TicI' 0 or Tier I standards. 

Recent advances. in both engine controls and catHlyst designs h<lvc allowed a number of 
current production models to meet either California's low emission vehicle (LEV) or ultra-low 
emission vehicle (ULEV) standards without baving to resort to novel cmis;-;ion control 
technology, such as electrically heated catalysts or hydrocarbon (He) adsorbers, or to fuels other 
than gasoline, However, very recent test data show thut emissions from vehicles designed to 
meet these LEV and ULEV standards can more than double with the use of higher sulfur 
gasoline, The scosmvity of theN:! current LEVs and ULEVs to sulfur is il great cause of concern. 
Some LEVs have alre"dy I;Iegull to be sold in Northcu,xt &tatcs under state-adopted California 
LEV programs ilnd the recently established Kation;ll LEV (:KLEV) prognln1. More LEVs will be 
;;.old nationwide beginning io 2001 under NLEV. Higher sulfur levels have the potentiallO 
significantly reduce the henefits or the NLEV program if left unch"nged. 

EPA iSl\Jso 1Ii 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 crfectivenc$s of Ticr 2 Stulld:.mls.> EPA 
plans to follow this study by the end of 199R with a notice of proposal for Tier 2 st:.md~lrds, As 
the emissJoll eontrol technology used to meet potential Tier 2 standards could be very similar in 
design to thai used on LEVs ant1lJLEVs, emission~ [rom potential Tier 2 vehicles could abo be 
very sensitive to sulfur and impede progress in developing emission controls capablc (If meeting 

I Sefl~it;vlly L,; uscd herein to refcr to the pcrcenlage change in en:ission, for a 3p~cified c.hullgc ill fuel 
std-.II ";0:1 ted (e.g" 50% en;issiDtI increase for an increase in .~ulrur ftOfr. 40 to 300 PPIll). 

1 Aucu/Oil Air Quality 1m pro vemenl Re~enrc h PfOt;raru, vi\lious pu Oiica~iOlls. 1992~ J996. 

U.S. EPA. "Ticl 2 Study," Draft Report to Congrcss, April 23, ~9gl!. 
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more stringent emission levels. Thus, EPA has decided to evaluate the need for limits on the 
sulfur content of commercial fuel which would be developed in conjunclion with the potential 
Tier 2 standards and proposed in the same time frame. This paper is the first step in the process 
of developing these commercial fuel sulfur limits. 

The remaining sections of this paper discuss: 

I) 	 The interactions between sulfur and vehicle technology, including the effect 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 
advancI;d vehicle technology designed for high fuel efficiency or extremely low 
emissions; 

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-otlier 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 Ihl~ 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 gasolinewfueled 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 far 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 10 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-fuel ratio is 
important, because the catalyst can only achieve its maximum efficiency when the air-fuel ratio is 
within a narrow range. Advanced computerized engine controls arc able to maintain the proper 
air-fuel ratio over a wide range of operating conditions. At the same time, improved catalyst 

EPA SlaffPapcr: Gasoline Sulfur 2 	 May I, 199M 



promoters within the support material (washcoat) have improved the ability of the catalyst to 
withstand temporary swings in oxygen levels in lhe exhausl when the engine controls are not able 
to precisely cOlltr()l the air~fuel ratio. 

Sulfur interacts chemically with both the catalyst and lhc washcoat which manages 
oxygen on Lhe catalyst surface. Sulfur compounds adsorb onto the surface of these materials and 
prevent pol\uwnts, oxygen, and other exhaust compounds from interacting with the catalyst 
surfaces. This inhibits the ability of the catalyst to convert pollutants into less harmful 
emissions, Emission control technology designed for California, which has the m()st stringent 
vehicle emission standards in the world. is often used eventually on vehicles sold in the rest of 
the U,S., Europe, and Japan, so those developing emission control systems have a tremendous 
incentive to develop technology for Ca1ifornia. Since California restricts the sulfur content of 
gasoline statewide to no more than 80 ppm, catalYSt developers have focused on developing 
catalysts for thi;., low level of sulfuL They also evaluate their protOlYPC catalysts with slightly 
higher 100 ppm sulful' fuel, as this IS the typicalllpper hmlt of the sulfur level of the test fuel 
used by industty and EPA in the federal motO!' vehicle compliance progrums (commonly referred 
to as 1ndolenc).4 This higher sulfur level can s.igni lieantly reduce cawlyst perfomaance. 
However. this difference (100 ppm versus 30 ppm) is small relative to the sulfur levels of current 
U.S. guso1ine outi>ide of California, which averages over 300 ppm sulfllr and can reach levels as 
high as 1000 PI)m. 

In the pa~t; this difference in federal1eS! fuel and commercial fuel sulfur levels appeared 
to cause only a small increase in emissions (e.g., 5-10% on average). This effect was considered 
in the development of the NLEV program, which involve..'i the nationwide sale of vehicles 
ccrtWcd on Ca!ifornia low-sulfur fueL Given the recent test programs which have demonstrated 
tlMt LEV emissions increa.-;e to a much greater degree (in percentage terms), EPA staff believes 
that it is not appropriate to continue testing vehicles tin ~lsolinc with 50-100 ppm sulfur knowing 
that they will be operJtcd on high sulfur fuels in-lise, The is<.;ue is whether to perform 
certification and compliance testing wlth higher sulfur levels or whether to reduce the sulfur 
contc!H of commercial gasoline to levcls more consistent with those prcvalent in California {or a 
combination of the two ch,\!nges). 

Key factors affecting this decision include: I} the effect of sulfur on LEV and CLEV-like 
vehicles which will also meet other emission control requirements effective early in the next 
century; 2) lhe cost or reducing !:atalyst sensitivity; 3) the cost of removing sulfur from gasoline: 
4) the effect of sulfur on emissions from the current fieel (Tier 0, Tier 1, and ;-\LEV vehicles) 
prior to the tUfllover to Tier 2 vchicles, and the overall health and environmental benefits 
.<lchievcd by these emission reductions, These factors will be considered together. lind can have 
significant impacts on the ultimale level of emission controls achievable through Tier 2 vehicles_ 
For example, if they lead to a decision to select a commercial fuel. sulfur limit above California's, 

4 Indolene ha:; typicul1y uverage~ n sulfur level or 50-60 ppm, although recent balche~ n! EPA ... Ann Arh()f, 
M Ilal'loralory have been reporled to cunulin in c.\ceR~ of 100 ppm. 
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the degree of cmi!-'l'ion control ~\chicvahlC' by fu1ure vehicles may be limitcd, leading to higher 
numerical Tier 2 emission st~\l1("mh;. Sdocting a gmH)line sulfur level vcry different from 
California'!-i lllay also reduce or prcvent further advanced lechnologics which arc being 
developed for usc in California from being extended 10 the rest of the U.S, These technologies 
include further catalyst developments focused on Calirornia's proposed Phase II LEV standards 
(LEV-If) and others which arc focused on improved fuel efficiency. 

Iii addition (0 options regarding the level of the commercial fuel sulfur standard, lhcre 
may also be oplions regarding its geographical and temporal extent. In general, (he costs of 
sulfur control decrease as the region of sulfur control shrinks, but so do the environmental 
benefits. For example. the potential Tier 2 vehick stnod!lrds ,lre expected to apply nationally. A 
single sulfur standafd applicable to all commercial fuel sold nationwide would allow vehicle 
manufacturers to design theif vehicles for a single fuel, instead of two or more. 

:vlallY of Ihe emis:-.iun reductions associated with the potential Tief 2 standards and 
gasoline sulfur reduction would also produce benefits nationwide in addition (0 local benefits 
sucb as ozone reductions. For example, VOC, ~OX, and sulfur oxide (SOx) cm'ssions all form 
particulate miJHer (P~1) in the atmosphere and Jre transported long distances. Thus, redm;:tions in 
these cmis.siom.. regardless of their location, arc likely 1O benefit areas currently nO{ in aHaimnent 
of the PM mHionnl ,lmbiem air qualily standards (01AAQS). Emission~ of air IOXtcS (compounds 
which have been implicated in cancer and other health concerns) also affect human h~lth, 
regardJe;.,:; of Ihe vehicles' localions, 

Automakcrs, ~tate orguniE.atlons. and others htwc recommended that EPA develop a 
national maximum sulfur limit to ensure the benefits of sulfur contro), A single, nationwide pcr~ 
gallon sulfur standard would tend to simplify enforcement of vehicle emission standards relative 
10 an averaging standard or [0 multiple standards Hpplying 10 different regions of the country. 
Both EPA and vehicle manUi~IC!lm;:rs could rely on the fael that vehicles tested in recall programs 
were operaled on fuels: similar to those on which eompliallce was originally determined. 
Furthermore. enforcement of the fuel standards would be much simplil1ed if a single, per~g41llon 
cap were defined. 

On the uthct hand, reprc!-iCmativcs of the oil industry bave proposed a regional, summer­
only program, fOCUSing 011 the o/,olie~rclatc(l OcncOts (if the porcntial Tier 2 standards. The 
majority of ozone nonattainmcnt m'CtIS, and areu'> nccJing further emission reductions in order to 
m'lintain their compliance status, arc ill the East and :vJidwcst, Also, high ozone is generally a 
summertime pmblcm. However, a sulfur control program designed to provide low sulfur fuel to 

every arCH needing further emission reductions in order to aHaln or maintain their compliance 
status would impact every region of the country. could significantly complicate fuel distribution, 
and woult1llot yield some of the other, non~ozone related benefits of gasoline sulfur reductions. 

The primary benefit or a regional, seasona!l\ulfur program is c-collomic. The economics 
uf sulfur control in a refinery arc such that the COSl pef gallon of control increases as the fraction 
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of the refinery's ga"loline production affected by the standard increases, Therefore, a refiner can 
avoid the mos1 costly controls if it cnn control less than 100% of its gasoline production. Also, 
individual refiners face dirferent cost.., of s.ulrur control. With a regional program. some refiners 
facing higher control costs could choohc to produce fuel for :;ale outside of the affected area 01' ill 
areas with Jess stringent con1rol$. While gU~OliflC production cO;"ts would bc less under a 
regional control program, the costs of transporting and storing g<L<;olinc would he somc\'/hat 
higher, and the burdens to ensure complinnce would be greater. 

, 

The most imporrn.m factor arfecting any regional or seasonal sulfur control program is the 
need for the sulfur effect to be temporary" Vehicles are operated during all seasons and often 
travel across s1i1te lines. Thus, under essentially any regionai or seasonal program. many or al1 
vehicles in ozone non-attainment and maintcn,;:mee areus would bc Ot'c'lsionally or regularly 
fueled with high sulfur gasoline, In order for sulfur control to reduce emissions over the life of 
the vehicle, the cmi<;sion impacts of sulfur must only last as long as the vehicle is being operated 
on the higher sulfur fuel. This phenomenon whereby the emissions dccreas.e quickly when low 
sulfur fuel is used after having incteused as u re.;;ult of high sulfur fuel use is termed reversibility. 
Reversibility i:; not a certainty, either for vchicle..;; meeting California LEV or pOlenliaJ federal 
Tier 2 standards, or for lhose employing even more advanced designs. SOBle vehicle., designed. 
to meel the LEV 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 irreversibility would increase the l'tringcocy of the emission standardl' 
for manufacturers, since they need to design b<lsed in part 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 emission design 
targets under the standards. Thus. while reversibility does not in itself determine lhat a 
regional/seasonal program is to be preferred over a national program. it is ,1 necessary component 
of any regional/seasonal program. 

As the remainder of this paper discusses sulfur~rclated issues. affecting vehicles and 
rcfincric:-.. constant mention is made of how the vlUious fai.:lOrs could affect the degree of 
commcrchd fuel sulfllr control needed, as well us the nature of the s.ulfur control progn:lm. The 
reader is encouraged to keep these factors in mind as the details of vehicle and refinery operation 
are discussed. 
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II.' Gasoline Sulfur's hUIJact on Vehicle Technologies 

Tailpipe emi~l)ions from modern motor vehicle." depend on both the emissions coming 
from the engine and the efficiency of {he catalytic exhaust aftertreatmcnt system in converting the 
He, co, and NOx to carbon dioxide, water, nitrogen and oxygen.s Fuel properties eHn impact 
both cnginc~out emissions and catalyst efficiency. For cxumple, EPA Iws known thaI a wide 
range of fucl variables (Reid vapor pressure, oxygen. benzene. sulfur, olenns, aromatics. 
distillation propertic$) cun affect emissions; the reformulated gasoline program is based on 
control of many of these fuel properties. Lately. limited evidence has indicated that the 
emissions impacl of some of these fuel properties is diminishing <1$ emission control technologies 
have advalh.:cd. However, rccem research indicates that the emission impact of fucl sulfur may 
he inct'ca:-:ing with advances in emis:-;ion control technology. The purpo:-:e of this section is to 
summarize this research and estimate sulfur's emission impact on current and advanced vehicles, 

The sulfur in gasoline incrC~lSef' exhaust emist-;ions of He. co, and NOx by decreasing 
the efficiency of the lhrcc~way catalyst used in current and advanced emission control systems_ 
This effect lmf' been uelll()nstrated through numerous laboratory and vehicle fleet studies. 6 The 
degl'ce of sulfur inhibition has. been shown to be vari~lblc and to depend upon both cmalyst 
formulation and vchick operating conditions, including: 

• the type of precious metal, oxygen storage, SUppOI'l malcrt<lls. and wasbeoat used. 
• the catalyst surface :Irca, cell structure, nnd layering of (he w.tshcoaL 
• the oxygen content of the exhaust, and 

.. Ihe operational temperature of the catalyst. 


The precious me!al type Bnd content nrc selccted hased on their anility to oxidi:t.c CO and 
He, reduce NO, achieve light-off temperature quickly. and he resistant to thermal aging. Only 
three caUilytic materials are currently available which meet these criteria: platinum (Pt), rhodium 
(Rh), and palladium (Pd). These precious metals and their combinations vary in their sulfur 
sensitivily. Similarly, meta! oxides such as ceria and other.-; within the washcoat arc selected for 
their ability to l11anage the oxygen conc0nu'ation within !he exhaust, their ability to support other 
beneficial reactions Within the catalyst, and their ability to improve thermal stability of hoth the 
wtL...hcottt components and the precioul' metals, Jmprovements in the oxygen slOmge and release 
capabilities of catalysts have played a key role in thc tremendous improvements in catalyst 
efficiency in recent years, Oxygen storage under Jean conditions (excess oxygen) with 
subsequent release under rich conditions (I:tck of oxygen) reduces [he sensitivity of Ihrcc~way 
catalysts to perturbatiuns in the air-to-fuel ratio encountered during operation of the vehicle. 
This has particularly improved the catalyst's ability to reduce KOx, us the catalyst's NOx 

j t;llk~s (){r.eJwj~e J\(:!(;J, !he term emi~si(jlls wit! refer In t~ilripe emission~ allullHlttH vehicle will ,efe: til 
!i.t;hl-ut;ty vehicles Jlld lrt;..:h. 

• See, for eXllmpk. AulotOi! Air Qualley Improvement Research Prngram, Technical Bulletin No.2. 
"EffeeH l,)fFud Sulfur on M:I% Exhaust Emissi(in~:' February, 1991, 
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efficiency 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 area 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 
palladium's ability to reduce automotive pollutants decreases more dramatically than platinum's. 
While sulfur's poisoning effect is primarily related to its presence on the surface of the catalyst, 
sulfur appears 10 penetrate into palladium, bUI not platinum or rhodium. This penetration slows 
the processes whereby sulfur can be removed from the surface of palladium relative to platinum 
or 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 penetrates the crystalline 
lattice of ceria and prevents ceria from taking up oxygen when the engine is operating lean and 
giving off oxygen when the engine is operating rich. The mechanisms of sulfur's interference in 
both catalytic activity and oxygen storage arc 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 cel1ain conditions. 
The ease of this removal depends on the chemical forms 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 fuel is 
oxidized during combustion to sulfur dioxide (S02)' Under lean conditions, the S02 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 calalyst cfl'icicncy. Similarly, under rich conditions, S02 is dissociated and thc 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 to oxidize or 
reduce thcm. Laboratory studies also suggest that sulfur increases the temperature required to 
"light.off' the catalyst after a cold enginc start, as well as decrcasing catalyst efficiency after 
warrn·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 reVI!rse their adverse effects on catalyst performance after the vehicle has been 
refueled on lower sulfur gasoline. 

1 Light-off tempern!llre refers to the temperature (i.c .. 350 to 400 0 C) at which the catalyst conversion 
dficiency reaches a specified, minimally acceptable level (e.g., SO%). 
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Laboratory studies provide excellent insight into the chemical mechanisms involved in 
the interaction between sulfur and the catalytic convertcr. However, these studies have 
limitations in predicting the impact of fuel sulfur on vehicle emissions. Their primary limitation 
involves the conditions of the experiments. Laboratory studies are usually conducted under 
conditions wht:re the active surface of the catalyst is the limiting factor 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 
thc 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 
observed 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 fuel sulfur levels. AlLhough the results of these studies are in general 
agreement with laboratory results, there are some noticeable differences. Laboratory studies 
consistently show a significant degrce of catalyst inhibition due to sulfur, whereas results from 
vchicle studies show a high degree of variability. This suggests th.H 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 studies may not be as 
significant as shown in earlier laboratory studies. 

This chapter examines the data which are available to cstimate the impact sulfur has on 
today's cars and light trucks. Information is also presented about the reversibility of this sulfur 
impact (how quickly 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 0 Vehicle Emissions 

A number of vehicle test programs were conducted in the early 1990's which evaluated 
thc effect of fuel sulfur on emissions from Tier 0 vehicles (vehicles manufactured through 1993). 
These included test programs by the Auto/Oil Air Quality Research 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 uscd to evaluatc compliance with federal reformulatcd gasoline requirements. 
The Complex Model predicts the impact of sulfur on tailpipe emissions 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 I. 
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Tabl.! 1. Decrease in Emissions with Fuel Sulfur Decreasing from Average 
In·Use Level (330 ppm) for Tier 0 Vehicles [Source! EPA Complex Moddl 

, 
NMHC CO NO, 

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 % 

High Emitters -0.4% -0.6% 3.5% 10.4% 1.7% 6.1% 

The equations in the Complex Model are exponential in form. s Since developing the 
Complex Model, a number of investigations into the effect of sulfur on emissions from Tier 0 
vehicles have concluded Ihal other equal ion forms. sllch as logarilhmic or square rool, may better 
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 ModeJ in the range 150 - 40 ppm. The Agency is cunently 
evaluating the most appropriate form of the sulfur-emission relationship for Tier 0 vehicles in the 
context of revisions to the MOBILE9 model. 

In performing the analyses to support the Draft Tier 2 Study, EPA made a number of 
modifications It) MOBILE5b to renect more recent emission 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 0 vehicles arc 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 0 
vehicle neel as a whole. 

It Tier 1 Vehicle Emissions 

Only one test program has been performed evaluating the impact of sulfur on emissions 
from Tier I vehicles (vehicles manufactured 10 meet the emission standards which took effect in 
1994). Auto/Oil tested six early Tier I light-duty vehicles (LDVs) on two sets of otherwise 
identical fuels containing nominally 40 ppm and 330 ppm sulfur. The results of this test program 
arc shown below in Table 2. All of the vehicles tested met the Tier I emission standards, so they 
would all be considered normal emitters. As can be seen, the effecl of sulfur on Tier I emissions 

S The equations are in the form of an exponential of a polynomial. though the behavior of the model very 
closely follows polynomial curvature. 

~ MOBILE is a model developed by EPA for predicting in-use emissions for an entire fleet of molor 
vehicles (vehicles {If differenllypes and ages) in a specified calendar year. The most recent version of the model is 
MOBILE5b. EPA is currently working on the next version of the model. which will be called MOBILEfi. 
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of NMHC and CO arc somewhat greater than those observed for normal emitting Tier 0 vehicles, 
while thm for NOx emissions i1i essentially Ihe same, 

TabJe 2. Decreal\c in Ell1l ..~dHns with Fuel Sulfur i)ccreasing from Average 
[n-Use Level (330 ppm) for Tier 1 (J1Vs ISOUfCl': AutoiOil AQIRI'I 

NMHC CO, NOx 

150 ppm 40 ppm 150 ppm 40 ppm 150 ppm 40 pplll 

Normal Emitters --­ 16.3% --­ 16.4% --­ 11.0% 

C. LEV and ULEV Emissions 

Two test programs evaluating the impuct of sulfur on emissions from LEVs and ULEVs 
were recently completed by lhe Coordinating RC1icarch Council (eRC) and the auto industry. 
The eRC program consisted of twelve 1997 LEV passenger cars, representing six different 
models from five different vehicle manufacturers, The vehicles were tested with fuel sulfur 
levels of 40 (the baseline level to represent California certification and in~use fucl sulfur levels), 
100, ISO, 330, and 600 ppm. The remaining properties of the fud reprel'cnted nutionul averages. 
The vehidcs were first tested in an "as received" condition (average vehicle mileage of 10.000 
miles) <Inti with the cmalysls benctHlged to simulate 100,000 milcs of opcration (although the 
oxygen sensors were origilli.ll, low mileage sensors). 

The auto induslry t~sting was performed by members of the American Automobile 
Manufacturers Association {AAMA) ,md the Associ.!lion of IntcrnmionaJ Automobile 
M.muf'lcturcrs (AIAM). The AAMA/AIAM progrant consisted of 13 production und produclion­
intent LEV and ULEV LDVs and eight LEV <lnd ULEV light-duty trucks (LDTs). A total of len 
vehicle manufacturers participated in the progrnm. Thc vehicles were tested at the same sulfur 
lcvels ns the eRe program. The other fuel properties were those of California Phase II 
ccrtific::ttion fuel. All vehicles were equipped with aged components to simulate 100,000 miles. 

The results of the eRe nnd AAMA/AIAM progmms have heen cmnhincd. U Table 3 
shows the percent increase in emissions associated with increasing the fuel sulfur level from 40 
ppm to 150 ppm and 330 ppm, respectively, for both LDVs and LOTs dc,-;igncd to meet the LEV 
and ULEV Mandards. Only the lOO,OOO-mile tinta arc presented, Analogous impacts for the Tier 
oand Tier I vehides di;;.cu;;scd above nrc shown for comparison, 

!ij The leSI fesul!~ from ('a(:h pair of LEVs in Ihe eRe lest program were averaged and a~jllmed III reprc~ellt 
a single vehicle. The feslll!~ fur vehideii trom Inc samc made! line an!! ccrllficd \ct of l!mi~~iHU 51;HlUMds whleh 
were teNted in both the eRe and AAM AlA JAM Ics\ programs: were ilL;o averageJ and ussumeu tu represent 11 single 
vehlde. 
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Table 3. Increase in Emissions with Fuel Sulfur Increases from Baseline (40 ppm) for 
LEV. and ULEVs (LDV. and LI>Ts) and Older Vehicles 

lSQurtc: cite and AAMAIAIAM Tt'si ProgramsJ 

Pollutant ~ NMHC CO NOx 

Sulfur. ppm 150 ppm 330 ppm 150 ppm 330 ppm 150 ppm 330 ppm 

. LEV and UU::V, U)Vs and IJJTs 

All LDV/LDTI • 26.7% 43.0% 58.0% 75.8% 65.7% 136% 

All LDT2/LDT3 ' 23.0% 26,4% 12.5% 312% 33.7% 65,5% 

Lf)VIU)Tls Broken Down by NMHC+NOx Emissiolls with 40 ppm Sulfur Fuel 

9 Lowest Emil1crs 26,8% 44,0% --­ --­ 127% 264% 

9 Highest Emitters 20.6% 42.1% --­ --­ 41.2% 84,2% 

LDVILDTls Broken Dmr" by lire Sensifivity ofNMHC+NOx Emissio1ls to Su{fur 

9 Leas! Sensitive 32,2% 49.5% --­ --. 31.0% 61.0% 

9 MOSI Sensitive 25.1% 42,2% --­ --­ 122% 251% 

Ticr I LDVx 

Normal Emitters --­ I 20.9% --­ I 21.1% I --­ 13.6% 

Tier 0 LDVs and LD1:,· 

Normal Emith:rs 5,9% 16.3% 5.7% 15.8% 6.4% 13.8% 

Hi!,;h Elniucrs -0,6% -1.6% 4.7% 12.9% 2.8% 7.6% 

These results indicme that LEV and ULEV emission control technologics being utilized 
on LDVs are, on avcrase. much more sensitive to sulfur than Tier 0 or Tier I technology. For 
example. rhe percentage increases in NOx emissions for LEV and ULEV LOVs are roughly 10 
tunes grClttcr than those fol' Tier 0 ~tnd 1 vchicles. Emi!,sions from the LEV and tJLEV LDTs arc 
Hlso more scnsilivc Ihan the Tier 0 nod Tier I vehicles tested e~lrlier, but to a much lesser extent. 
The LDTs had a higher level of base emissions on 40 ppm sulfur fuel. which may indicnte that 
their tcchnnlogy differs le;.;s dramatically from the Tier I LDVs tested earlier. 

With respect to both LDVs and LDTs, the sensitivity of individual LEV nnd ULEV 
models In sulfur v;.wies dramatically. The impact of sulfur on four sub:-;ets of the J 8 LDV:" and 
LDTh tested in the two [Cst programs are a1...o summarized in Table 3. 

The first hreakdown ofthesc vehicles was performed Hccording to these vehiclcs' 
baseline NMHC+NOx cmbsion level!' on 40 ppm sulfur fuel. The impact of sulfur on N'MHC 
emissions from the nine vehicles with the lowest NMHC+NOx emissions on Calirornia~like 40 
rpm fucl is essentially the s.!me ns the impact of sulfur on the remaining njne vehicle.s. 
However, the impact of sulfur on NOx emissions from the nine vehicles with the lowest 
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NMHC+NOx emissions on California~like 40 ppm fuel is mueh greater than the impaet of sulfur 
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 second breakdown of these vehicles was performed according to their sensitivity to 

sulfur. This sensitivity was defined as the percentage change in NMHC+NOx emissiolls per 
change in sulfur concentration. I I NOx emissions from the nine vehicles showing the least sulfur 
sensitivity (in terms of NMHC+NOx emissions) increase less than half as much due to high 
sulfur levcJs than the original 18 vehicles. However, the effect of higher sulfur levels on NMHC 
emissions 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 \cast sensitive vehic\cs in terms of 
NMHC+NOx emissions was roughly the selection of the least sensitive vehicles in terms of NOx 
emissions. As it turned oul. those vehicles with the least sulfur sensitivity towards NOx 
emissions had slightly greater than average sensitivity towards NMHC emissions. 

The sui fur sensitivity of the 9 least sensitive vehicles suggests that there are aspects of the 
emission control system that can be modified to reduce the average sulfur sensitivity of the LDV 
neet in the future. It is likcJy that auto manufacturers should. in general, be able to reduce the 
sulfur sensitivity of future vehicles 10 that of the ninc 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 use of the air conditioner starting in 200 I. 
These "off~cycle" standards will place additional limits on the fuel management strategy and 
catalyst designs used by manufac1urers. In particular, more precise air-fuel mixture control will 
likely be requin;d. This could eliminate one method which appears to reduce sulfur's emission 
impact, wide air~fuel ratio swings. Future Tier 2 vehicles may also have to meet more stringent 
emission standards than today's LEVs, which could further limit the manufacturers' choices for 
emission contml system designs. EPA plans to further analyze the emission data produced in 
Ihese test programs to determine the degree that off~cycle standards would affect manufacturers 
ability to design emission control systems with lower sulfur sensitivity. 

D. Sulfur Reversibility 

Sulfur has an almost immediate effect 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 essentially the samc 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. 

II Matlienlalically.this sensilivity is the sum of the percentage change in NMHC emissions mulliplietl hy 
the base NM HC emissions plus lhe percentage change in NOx emissions multiplied by the base NOx emissions. all 
dividetl 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 colllmercial suIrur control program. If sulfur's effect on catalyst performance 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 sulfur 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 is 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 ambient PM, 
etc., would still need to he considered hefore a regional control program could he 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 
InstilUtc (API).12 EPA found that a numbcr of laboratory studies have been performcd to 
understand the nature of sulfur's impact on catalyst performance and the reversibility of this 
impact. In conlrast, relatively few vehicle tcst programs have been performed to investigate 
sulfur reversibility. The vehicle test programs discussed above utilized special procedures when 
vehicles switched from one fuel to another to ensure that no sulfur-related effect was carried over 
from the previous test fucl. Thesc procedures generally involved vehicle operation which is not 
typical of in-usc! driving. Thus, these programs provide little insight into the rcversibility of thc 
sulfur impact under typical in-use driving conditions. 

In addition to this information from the technicallitcrature, EPA has obtained data frolll 
individual companies that suggest sulfur is easily reversible for some vehicles and not easily 
reversible for others during normal driving. For example, Chrysler provided sulfur reversibility 
data for a 1997 LEV-certified Dodge Neon. Emissions wcre measured with 40 ppm fuel, with 
800 ppm fuel after 300 miles of in-usc operation with 800 ppm fuel, and then again on 40 ppm 
sulfur fuel afler about 100 miles of lighl urban in-usc driving with 40 ppm fuel. Figures I a, Ib, 
and I c show tbat CO and NOx emissions returned to the baseline 40 pplll sulfur levels upon the 
return to 40 pplll fuel, while NMHC did not. This suggests that CO and NOx performance was 
reversible after this type of driving, ~hile NMHC performance was in"eversible. 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 sulfur fuel, which is much smaller than the average 
sulfur impact on LEV emissions summarized in Table 3 above. To return the NMHC emissions 
to their baseline. 40 ppm sulfur levels, Chrysler operated the vehicle through a number of severe 
accelerations to increase catalyst temperature and obtain a rich exhaust mixture.1) This procedure 
returned the NMHC emissions to the original level. 

11 Truex:. Timothy J.. "Potential for Improved Sulfur Tolerance in Three-Way Automotive Catalysts." 
Center for En vironmental Research and Technology. U niversilY of California al Riverside, N ovem ber 26, 1997. 

I) Five to 10 wide-open throtlle accelerations from 30 10 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 


Figure Ib: Sulfur Reversibility Study on a 1997 LEV 

Dodge Neon Effect of Sulfur on CO Emissions 
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Figure Ie: Sulfur Reversibility Study on a 1997 LEV 

Hodge Neon Effect of Sulfur on NOx Emissions 


Ford also provided EPA with emission data to demonstrate the ability to reverse sulfur's 
effect 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 series of severe 
accelerations performed by Chrysler on the Dodge Neon. This severe operation did not return 
catalyst performance to its baseline, 40 ppm level. Ford then repeated these accelerations with 
the vehicle's fuel controls modified to provide a very rich exhaust mixture. Figures 2a, 2b, and 
2c show the emissions from the Escort during this test program. As can be seen, NMHC, CO, 
and NOx emissions did not fully recover after refueling with 40 ppm sulfur fuel and the series of 
severe accelerations. However, wilh the excessively rich engine calihration, the emissions 
performance for all three pollutants recovered fully. 

While this excessively rich operation would not typically occur in-usc with this vehicle, it 
is even more unlikely to occur in the future because EPA's new off-cycle emission standards, 
governing emissions uccurring during acceleratiun and while driving with the air conditioning 
system operating, will dramatically reduce Ihe amount of time vehicles operate rich. 14 As 
described at the heginning 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 reversihility seen with these vehicles. 

I' Phase.in of these requirements begins with model year 200 t. 
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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 2c: Sulfur Reversibility. Study on a UI~EV 


FOI'd Escort Effect of Sulfur on NOx }<~miS..'i:ions 


Finally, API provided EPA with data for a 1995 ~1a7Akt Protege transitional low emission 
vehicle (TLEV) equipped with an enhanced catalyst that :tHowed the vehide to meet LEV 
st<lnd~lrds with 40 ppm sulfur fuel. The vehicle was tested twice at 40 ppm. followed by a single 
test nt 100 ppm, ~I ~inglc test ut 600 ppm. a single test at 300 ppm, and then two more tests <It 40 
ppm. There was nD special vehicle operation in between refuelings. Figures 3a and 3b show 
that, although the Prott!ge did not achieve complete reversibiiity, it came very close. experiencing 
uhout gS% recovery for NMHC and CO. The data in Figure 3c docs indicate full rcvcr~ibiJity for 
NOx. but this. result i:- tempered by the fact that the NOx emissions were erratic over the diffcfcm 
i'ulfur levds. 

17 ....1ay I, 1998 



Figure 3a: Sulfur Reversibility Study on a 1995 Mazda 

Protege TLEV Effect of' Sulfur on NMI-IC Emissions 


Figure 3h: Sulfur Reversibility Study on a 1995 Mazda 

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

Protege TLEV Effect of Sulfur on NOx Emissions 


In addition to these individual vehicle test results, eRe is currently performing a test 
program to explicitly evaluate sulfur reversibility with LEVs. The program involves the six LEV 
models tested in the CRC LEV ·sulfur emissions test program described earlier and is scheduled 
to be completed by the end of May 1998. This program will assess reversibility after light urban 
operation amI after more severe high speed, high load operation (i.e., the EPA US06 cycle). This 
program will further our knowledge of the degree of reversibi lity of current LEVs and facilitate a 
more accurate projection of the degree of reversibility achievable with potential Tier 2 vehicles. 

E. Sulfur Tolerant Automotive Technologies 

One of the clearest observations from the CRC and auto industry sulfur test programs is 
that there is a great deal of variability in vehicle sulfur sensitivity. While none of the vehicles 
were immune to sulfur'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 
evaluating the detailed emission and operating data obtained in the two LEV test programs. The 
goal of this research is to identify those technologies which are rome and less sensitive Lo sulfur 
and whether the less sensitive technology can be applied to all manufacturers' vehicles (large and 
small, car or truck) in a cosL·cffectivc manner. In addition to analyzing the data from both 
industry test programs, EPA is also reviewing the latest technjcalliterature, and meeting with 
vehicle and catalyst manufacturers and other researchers in this field to ensure that all available 
data are incorporated into this assessment. 

At this time, it is clear that there are no catalyst designs currently available that arc fully 
sulfur tolerant. The results of virtually every laboratory, engine dynamometer, and vehicle fleet 
study has shown that all automotive calalyst designs, whether they use Pd, Pt, Rh or any 
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combination of the threc, have some inhibition in performance rcsuhing from sulfur. However, 
some c.ltalyst designs tire mOfl! tolerant of sulfuf than others, 

There is a broad range of opinions rcgarding the feasibility of dcveloping sulfur resistant 
ct1talyst tcchnology. C.H, Bartholomew of the Department of Chemical Engineering at Brigham 
Young University stated at a recent eRe Symposiuml~ that sulfur !olerant catalysts could be 
devdoped with a significant tnVestll1eJU in fesc;)J'('h moncy and time, but Uml it is unlikely that a 
catalyst could be developed that could tolenHe more than 100 ppm to 200 ppm sulfur with no 
emissions degradation, A rcpresentative of DcgussalICT,' a catalyst manufacturer, stated that it 
was possible to develop a PdlRh catalyst system thut was more resistant to sulfur. but that there 
would still be some deterioration in He and CO performunce due to sulfur. Christopher Bennett 
of John;;on~Matthey, another catalyst manufacturer, stated that res,uits from some of their studies 
indicate th~lt Pd-only catalyst performance nmy be improved through washcout formulation, aml 
thnl these performance improvements were observed both in the presence and the absence of 
sulfur. 5wdies by Johnson-Matthey also showed that similar washcoat formulations, when 
applied 10 PdIRh catalyst};, could also result in more uctive cataly;;t, However, laboratory and 
engine dynamometer testing indicated that these advanced washcoat formulations still exhibit a 
substantial decrease in catalytic perfommnce when eXjX)sed to an increase in sulfur levels, 

Heinz Robota of Allied Signal Emission Components {ASEC) Mnnufncturlng. a 
manufacturer of cntalysts Hnd olher emission control components. Slated at the ."ymposium that 
there arc tntde-offs in sulfur tolerant catalyst designs. He claimed that good hydrocarbon sulfur 
resistancc Illay result in poor NOx conversion resistance to sulfur and vke versa, while the 
Automobile Emissions Control by Catalyst (AECC).:ln association of European emission control 
nmnufacturers, claimed thaI sulfur resistant catalysts arc not an option bCC<lllSe achieving this 
cap,lhiJity would necessitatc trading orf cmalyst performance for tht: removal of some pollutants, 

Recent discussions between EPA and scveml catalyst manufactul'Crs have suggested that 
there ma), be -some techniques available to make catalysts more tolerant 01' sulfur. HO\\levcr, in 
;>ddition 10 an economic cost of doing so, there will also [ike!)' be an overalllm;s in caHllytic 
aClivity. This means that the catalyst may perform beuer with high sulfur levels than today's 
highly active catalysts, but that the sulrur~tolcrant calaly;-,t will not perform as well (at either low 
or high sulfur kvcls) <is tooay' S clltalysts perform with low sulfur fuel. Thus. higher sulfur levels 
still imply high!!f emiSSion levels, though possibly not as high as is indicated by some of Ihe 
today's LEV" which arc very 5cn;-.itive to SUIliIL According!o these cawlyst suppliers, sulfur 
will still be technology constmining, Although rhe,\c comp.mies believe they call make catalysts 
that achieve low emissions even with moderate levels of sulfur, they can make considerublc 
improvement}; in catalyst performance and emission reducUons with evcn lower sulfur Icvels. 
Therefore, catalyst designs that might appear in Japan. Europe, and California. where sulfur 
levels arc vel)' low. may not be available in lhe rest of the United States. 

Il eRe Aul!l/Oil Symposium, "The Seuren iOf Sulfur~Tolerafit Emission Ccnlro! Systems," Dearb1Hn, Ml. 
Septetl',ber 11·11, 1997, 
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In addition to cataly:a design. the calibmtion of the fuel control system can have a 
significant effect on 3 cntalyst's ability to tolemte sulfur. Systems and components such as air~ 
fuel ratio controls nnd cXhilust ga... recirculation can have an effect on how sulfur reacts on the 
catalysl surface, This fact was supported nt the eRe symposium by Johnson Matlhcy and .also 
by Ray Paggi of Texaco Fuels and Lubricants. Paggi stated that evidence for this was the fact 
thui some Tier () und Tier I production vehicles appear to be .'iOmewhat tolerant to sulfur and that 
fuel system calibrations appenred to be one of the contributing factors, 

A disCllssion of several potential catalyst design features which may reduce sulfur 
sensitivity is contained in Appendix A. API is eurrcnlly performing a research program to 
investigate the potential for developing sulfur tolerant catalyst designs. They hope to have a final 
reporl discu,ssing their findings in the ncar futufC" 

F. Projt'Cted Impacts on Advanced Engine Technologies 

Based on inforl11~ttion in the technical literature and information received from 
aUlOlllotivc manufacturers. it appears that gasoline sulfur may also huve a detrimental impact on 
advanced engine technologies, An example is lhe gasoline direct-injcction (GDl) engine, There 
arc a growing number of vehicles currently sold in Japan whieh utilize direct fuel inje,:tion for 
g.!solinc engincs. The advanlages of ODI include up to a 30% improvement in fuel economy, 
improved engine response under variable operating conditions, and more rapid ::'larting with less 
cold enrichment As a result, GOt engine::. ::.houtd produce lower levels of NMHC and CO2 

cmissions. The very lean (>19:1 air~fuel ratio) opcf<ltion typica1 orODI engines results in low 
engine~out NOx emissions in comparison to more conventimml. stoichiometric "'park ignition 
engines. However, this lean opemtion poses a considerable barrier to NOx control using current 
three-wilY catalyst tCChll0logics, and vcry low tailpipe NOx emission standards would require 
reductions beyond the low engine~out Jevels-. 

Conventional spark ignition engines maintam an mr-fueJ mtio near stoichiometry (i.e., 
neither lean nor rich) to allow operation within the narrow window of oper,aling conditions 
i1t!:ccssary for efficient removal of CO, hydrocaroons, and NOx. Under lean conditions. the 
ahility of the catalyst to reduce NOx decreases substantially. Some GDt engine designs 
compensate by using a NOx trap to store NOx emissions while the engine is funning lean. This 
stored NOx is then fclca...cd when the engine is operating near stoichiometry. permitting the 
three-way cntaJy;;t to effcctively reduce the NOx. Selective catalytic reduction (SCR) of the NOx 
is another approach being investigated. With SCR. a reducing agent is introduced into lhc 
exhaust which facilitates Ihe reduction of NOil., even under leall conditions. Both the NOx 
trap/three-way catalyst and SCR are nflcn collectively referrcd to as "h::an~NOx" C<ltalysts. 

Some kan NOx catalyst strategies appear to be U1()re -licnsltive to fuel sulfur than LEV 
cllwlysts or the c.nalys(s expected to be used on pos(*LEV vehicles, Information supplied by 
Toyota at the eRe Symposium indicates: lh;\t NOx emissions increase dramatically with 
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Incre;lscd 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 mayor may not be llS sensitive to sulfur. 

An important question regarding the use of GDt engines is their capability to achievc low 
NOx levels evcn with low :-.ulfur ga!'ioJinc. While low sulfur lcvels may enable the lean NOx 
catalyst systems menlioned above, it is not clellr what level of NOx emissions vehicles with GDt 
engines would be able to meet. evel) with these catalysts. LEV~like NOx emisston levcis appear 
to be feasible. at least with some GDI designs. However. the ahility of lhis technology to reduce 
NOx emissions below these levels is more uncertain. Thus, it is important to characteri?e the 
emissi{\o control potential of these engines with borh low und high s:ulfur levels:, This technology 
is described in furthcr detail in Appendix A, 

The ftid cell is unmhel' promising propulsion system that is being developed for possihle 
introduction to consumers carly in the next century: A fuel ccll is an electrochemical device. 
similar to a battery. tom generates electricity from (1 chemict.l rctlctiQn between hydrogen and 
oxygen. TI,e necessary hydrogen can either be provided hy a compressed gas (e,g., hydrogcn. 
methane) or extr:u::ted from a fuel, xuch as gasoline or methanol. carried on thc vehicle. The 
electricity produced from H fuel cell drives a traction motor that in turn drives the whecls. In 
comparison to convenriomil electric vehicles. fuel cell use gives u vehicle long range. good 
performance, rapid refueiing, and similar (low or even zero) emission levels. 

If gasoline is used to provide the hydrogen for fuel cells. the sulfur content of the gasoline 
can he vcry important. Although fuel cell technology is still 11'1 its infancy, it hus become clWlr 
timl the cxtrw::tion of hydrogen rrom gasoline will simultaneously produce hydrogen sulfide 
aIHUor sulfur dioxide from the sulfur contained in the gasoline. These sulfurous compounds can 
reduce the efficiency of the fucl cell either through dogging of memhranes or adsorption and 
suhsequent inhibition of hydrogen dissociation, Current fuel cell research makes use of gasoline 
containing Ic.'>s than 40 ppm sulfur: it is not clear thm all fuel cells can tolerate even this level of 
sulfur and 1101' whether future dcvelopmctHs will result in fllCl cells llHlt CUll tolerate even higher 
levels of sulfur. 

G. Sulfur's Effect on ODD C:_talyst Monitors and Implications for 11M Programs 

EPA's OBD regulations require that the OBD catalyst monitor identify thOfiC cut<llysts 
with efficicncie:~ reduced to the extent that lailpipe emissions would have emissions increases 
exceeding 1.5 limes the applicnblc He standard. Current catalyst monitor designs do not actually 
measure catalyst crficicncy, but mem;urc the oxygen stomgc cap:tcity of the catalyst and infer He 
conversion efficiency from these readings. Sulfur can interfere with the cutalyst's oxygen 
storage. In some cases. sulfur can decreasc oxygen stomge and cause the OBD sY!'itcm to 
determine th:'lt the catalyst has insufficiCll! efficiency. In Dlher cases, the chemical form of thc 
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sulfur adsorbed on the catalyst can mimic stored oxygen and cause the OBO system to determine 
that the catalyst has sufficient efficiency, when in fact it docs nolo 

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

EPA also acknowledged that it was not aware of any adjustments which could be made in 
the short term to eliminate 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 reduce the 
effectiveness of the aBO catalyst monitor, particularly in an inspection and maintenance (UM) 
program, since the monitor may not detect a poorly performing catalyst. 

The LEV and ULEV emission data presented above in Table 3 indicate that higher sulfur 
levels have the potential to increase emissions in the range that the OBO system is designed to 
detect (i.e., 1.5 times the applicable emission standards). However, the performance of the aBO 
systems on these test vehicles was not reported in the test programs. EPA is not awure of any 
other new data which has become availahle since the aBO-sulfur study was completed last year. 
Thus, the possibility of an interference of the OBO catalyst monitor by higher sulfur levels still 
exists. EPA has previously indicated to automobile manufacturers th:'lt it would consider any 
impacts of sulfur on OBO catalyst monitors during vehicle certification on a model-by-model 
basis. This approach still appenrs to be appropriate. 

A regional sulfur control program could also affect 11M programs located outside of the 
sulfur control region. The emissions measured in these 11M programs would likely be higher 
than those measured elsewhere, possihly necessitating the usc of unique emission cutpoints for 
LEVs and Tier 2 vehicles. As mentioned above, since sulfur may affect the operation of the 
OBO system on selected vehicle models, these 11M programs located outside of the sulfur control 
area would need to incorporate this information into their checking for the presence of OBO 
failure codes. 

Also, one study of a TLEV showed that sulfur can have an inordinate affect on emissions 
over a loaded 11M test after a prolonged idle, which can occur while a vehicle is waiting in line 

I~ EPA, "OBo & Sulfur Status Report: Sulfur's Errect on Ihe OBO Cat~lyst Monitor on Low Emission 
Vehicles," March 1997 and updated September 1997. 
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ior an liM ICSl. l1 TIlliS, higher sulfur levels in~use may necessitate the usc of special pre­
conditioning procedures for the liM testing of LEVs and Tier 2 vehicles. 

11 Bed, D,O., W_A Shurt, T.E. Antdl>s "ml R.R, Di!s, "IM241) Emiuiun Tesh wi:h II 2,2 L Corsica 
TLEV:" SA8 Paper No. 942001. 199,L 
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III. Cost of Reducing Gasoline Sulfur 

The data presented in the previous chapter indicate that control of sulfur in gasoline may 
be ncc~"s<lry to achieve an approprime level of emissions reduction from potential Tier 2 vehicles 
and to enable the usc of advanced technology vchides in the U.S. Control of gasoline sulfur 
would also pfClvidc siguific;.ml emissions reductions frOtll NLEVs and older technology vehicles 
,HId r0:-;0(ve coaccrns about the compatibility of current gasolines with exisfing emission control 
hardware. The, cost of reducing gasoline sulfur levels will be an important factor in evaluating 
the level and geographical extent of any required sulfur reductions. This chapter summarizes 
dala I'cgm'ding current sulfur levels [11 different grades and types of gasoline. and presents an 
overview of how I'ulful' is removed from gasoline. Following that is a discussion of refinery cos! 
modeling that EPA is currently performing jointly with the U.s_ Oeparlmcnt of Energy (DOE). 
Preliminnl'Y cost estimates for gasoline s.ulfur reduction arc presented, and additional aspects of <l 

sulfur control program which may affect the costs to the refilling industry <Irc discussed. 

A. Curn~nt Sulfur Levels in U.S. Gasoline 

Sulrur occurs naturally in crude oiL As crude oil is refined. some of the sulfur ends up ill 
gasoline, The amount of s.ulfur in the gasoline [rom any refine!), depends on a number of factors: 
the amount of sulfur in the crude oil, the fraction of gasoline prodoced from heavier petroleum 
compounds,lk and the amount or desulrurization being applied to gasoline blendstocks and 
gasoline precur~or streams in the rclinery. 

There me a number of standards or limit:>. which affect the amount of sulfur in gasoline. 
There is a 1000 ppm maximum !>ulfur specification for gasoline, developed by the American 
Society for Tes! ing and Mctierials 1 ASTM). which most refiners meet voluntarily and some state:o; 
have adopted by law. Federal reformulated gasoline (RFG) subject to the Complex Model is 
currently limited LO 500 ppm sulfur due Lo the valid range limits of the Complex Model. Nearly 
()lle~third of C',S, g.!soline is covered by the RFG requirements, Gasoline sold in C~I1ifornja is 
s.ubject 10 the California Phase 2 RFG Progr.un (also known us the California Cleaner Burning 
Gmmline Progrnm) requirements, which includes an annual average sulfur limit of 30 ppm sulfur. 
with no individual gallon exceeding 80 ppm. ill Because refiners want lo ktlSllTC that they will not 
exceed the ;;mnual average limit nnd some refiners have elected to ccrtiry their gasoline In 

iJ The conversion ofoigh boiliog l:ydmC\lfhvns to gasoli:1c·llke n;ltC'li~1 te:Jd~ to put more ~ulf\lr inlo 
gasolioe, since the sulfur conlalned in crude oills gener..!!), concentraled in Ihe high hoi ling materiaL 

" Caiif",rnia provi1lc$ an ,\!lcHlzie approAch pcrmiulr.g refiner;;!O comply with 11 per-gallon "flat limit" of 
40 ppm, Um'!ereiloer Ihe 30 ppm lIyerage Mandan.! Dr 40 p:'ln: fl;1l Jimi! standard, refiner, t:an l!~e Califl}fllb'~ 
Prethttlve Mudd!O Hjen~lly aou cNtify ttitenlllthe fueJ formulallons which providC' equlvalem emission 
perfMm:mce, The~e J!ternJlive fl>rmlllauu:H caT! ltll"lve eiiher mofC \fringenl or more lenient ,ulfur limils, bUI in no 
ca~e can these exceed Ihe 80 ppm per gallon cap apphcable 10 all gasnline )intd ill California. 
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alternative requirements which may involve even more stringent sulfur control, California 
gasoline sulfur levels currently average about 20 ppm. 

API and NPRA recently surveyed their member companies to determine the qualities of 
gasoline and other petroleum products sold during the summer of 1996. 20 This survey, 
summarized in Table 4, showed that gasoline had the following average sulfur levels during that 
period. 

Table 4. Average Sulfur Levels in Gasoline Sold Outside 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 
Reformulated 

366 353 200 316 

All Gasoline 394 351 159 340 

Starting in the year 2000, refiners producing summertime gasoline for sale in RFG areas 
must mcet a NOx reduction standard which is expected to result in lower gasoline sulfur levels in 
those areas, since sulfur control is believcd to be the most cost-effective means to achievc the 
NOx reduction. Refiners have projected that their summertime Phase II RFG sulfur levels will 
average about 150 ppm. Sulfur levels could be higher in the winter, since winter RFG is suhject 
to less stringent NOx reduction requirements. 

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

n. Refinery Operations Affecting Sulfur 

Most sulfur in gasoline (up to 97%) comes from gasoline feedstocks produced in the 
lluidized catalytic cracker (FCC), one of the key refinery processes for gasoline production?! 
Without any treatmcnt of the sulfur lcvcls of the feed entering the FCC unit, or of the gasoline 

III Amcricnn Pctroleum Institute and Nntional Petroleum Refiners AssuCiation, "Survey of Refining 
Operations and PrnduCl Quality," Final Report, July! 997. 

II MathPro, Inc., "Costs of Producing Gasolines With Low Silifur Content," Final Rcport, April 28, [997 
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stream!' exiting the unit, sulfur levels can be 1000-2000 ppm in the FCC gasoline blcndstocks, In 
general, the heuvie.qt portion of FCC gasoline contains the most sulfur, with the heaviest 10% 
contributing ahout oncMthird of the !Otal sulfur. A more complete exp].mmion of these refinery 
processes is pre!'cnloo in Appendix D. 

One means to reduce the sulf~r content of gasoline, and other refined products. is 10 

switch to a lower !'ulfur enldc oil. However, it is not possible for ;\11 refiners to rely on this 
strategy bccuuse Ihe supply of l()w sulfur crude oil is limited and with increased dcmand its price 
would likely rise. In addition. it may be difficult for refiners to maintain the same product mix if 
they switch to low sulfur crude oils, since low sulfur crude oils tend to be lighter. The volume 
alld range of products that enn he produced from lighter crude oils mayor may not match the 
refiner's market plans. (Even with a chnngc to lower sulfur crude oils, many refiners may still 
need to add new equipment to further reduce their gasoline sulfur levels.) 

While the specific configuration and capabilities vary by refinery, there arc generally two 
main options for l"Cmoving sulfur from gwwlinc. Both of these options involve "hydmtreating," a 
proccss which uscs hydrogen gus at high pressures and temperature to force out the sulfur 
compounds,n When adding the capacity to hydrotrcat a particular stream. refiners may huve to 
add facilities to produce more hydrogen as well as facililies to recover the sulfur removed from 
gasoline. Refiners may also have to augment utility facilities to ensure sufficient support for 
these new proce:-:sing units, 

Of the two main oplions for reducing gasoline sulfur, the tc.:;s costly and less capital 
intensive approach is to bydrotrcat the gasoline hlcndstocks produced by the fCC. Depending on 
the level of wlfur desired in the finished gasoline, part 01' all of the FCC gasoline blendstock can 
be hydl'01rcatc(L It is lea,..,t expensive 10 hydrotrcm the heaviest portion (lfthc FCC gasoline 
becaUl~c that portion contains: the greatest amount of sulfur, llnd this stream usually undergoes 
Jess octane lnss when hydrolreatcd,V This strategy requires a di:;tillation tower to sepamte the 
heaVier FCC outpm streams from the lighter products, A dowl1;,;jdc to hydrotrcating the FCC 
gasoline is that it reduces the volume of ga:;oJine produced, thereby adding slightly to the cost of 
pmducing lower sulfur gasoline. To achieve very low sulfur levels in gasoline, the lighter 
portion of the FCC gasolinc bfcndstock may have to be hydrolreatcd as well, which can result in 
a significant octane los~, depending on the specific hydrotrcating process used, The octane value 
losl with hydrolrcating must he recouped by oclane producing units in the refinery, or by the 
addition of high octane oxygenates. A relatively new sulfur removal technolngy licensed hy 
Mobil, called OCTGAlN, docs not cause tiS much octane loss for the same reduction ill gasoline 

:1 Another option fur very limIted ~ulfur reUtH:t1\ln is ilcbievl.'d by I.'~tfilctl{)n. Thi:; h; 001 il commonly used 
approJch, r.ec;w"e in mlH! clI~es II suhslan:illl volume of sulfur reduc!Ioo i, requin:d, or a \u{;slanlia: reductiuo in 
\ulfur leveh is Ill:etlerl; C~lracliun ca:UHH meet the~e neet.!>;. 

"-' BydrnllclIliug impacls nOI unly ~!llfur·nl!lIuillill!.; c\nnpmclds hut al~tl COm;H.IUIlt,l~ whkb ~olllribule 
octane. such as olefins. II olefim are hytlrotrcaled" Ihelr ociane value is redaced and the refine. mWif make up for the 
octatlc by ble;'lding olher, hlgl:er nelln\!, c;)mptlfjenl~. 
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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 has become aware of a new FCC gasoline hydrotreating technology which may 
permit reliners 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 
efficacy and cost estimates. EPA has learned that atleasl 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 octane and generally improves the 
quality of other products produced in the FCC unit, such as distillates. It can also achieve very 
low sulfur levels. However, this tends to be a more expensive and capital intensive approach, 
hecause 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, reduces 
sulfur levels in diesel fuel,24 and increases overall gasoline yield. Few refineries in the U.S. 
currelltly havc FCC fecd hydrotrcating capacity. 

The other major way to remove sulfur in gasoline blendstocks is with a hydroeracker. 
I-Iydrocrackers me essentially FCC units with hydrolrealing capacity combined in the same unit; 
this process both upgrades and hydrotreats the stream being treated. 2~ Hydrocrackers arc 
generally used when the feedstock is too poor for upgrading with an FCC. For example, some 
crude oils are high in heavy 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 fed 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 feed hydrotrcaters. Because of the high capital expense and 
because most refineries already have FCC units, many refiners outside of California would have 
to incur substantial costs and process changes to 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. 

14 tf diesel fuel sulfur lcvcls werc required to be rcduced as well, fCC feed hydrotrcating becomes a morc 
attractivc option ns the sulfur levels of both streams arc reduced ~imliltaneoll~ly. Sec Chapter IV: Olher Fucll,:wcs 
fur more discussion of this issue. 

lj Berger. Bill D .. Anderson, Kenneth E., Modern Pctroleum, "A Basic Primer of the [ndustry," Pennl'.'cll 
Boob,1981. 
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TIle modeling of gasoline l'ulfur reduction in refLncrics has shown that the most economic 
I1pproach to removing sulfur from £!1soline is to hydrolrcat the gasoline-like materia! leaving the 
FCC unit. When the OCTGAIN process has been included in a refinery model, including the 
model lIsed by EPA, it has bcen selectcd (based on the economic and performance data provided 
10 the model) ovcr othcr sulfur reduction processc.'I, Thc models also typical1y purchase 
oxygenutes to help make up the OClune shonfall caused by hydrotre.lting, and this oxygenate 
addition also helps to reduce hulfur in gusolinc through dilution. The refinery models lend to 
show th'lt hydfOtrcating {he FCC feed nnd the installation ofhydrocmcking cnpacity are less 
economically attractive to rcfiners, The following section provides u brief overview of the 
modelling EPA has performed 10 estimate gasoline sulfur control costs. 

C. Cost Estimation Methodology 

EPA hus bcen working with DOE!o develop cm<t estimates for ga:;;oline sulfur control, 
using Oak Rid,t;c NalJOmd LabontlOry's refinery yield model (ORNL..RYM). (Appendix B 
prc~ents additional infomultion about how the modeling work to be done was defined.} (n 
planning the refinery modeling runs to he pcrfonncd. EPA considered a r.mge of geographic 
areas thaI cou!d be covered by a low sulflll' gasoline program, ba;-;ed on the range ofvchiclc 
tcchnology issues being addressed and the emissions reductions which could be achieved, In 
consiOcration of thcs,c issues, lhe geogmphic areas identified for consideration included: I) [he 
emire U.S., excluding Culifornia; 2) the 37~stale Ozone Tran;.;port A;.;sessmcnt Group (OTAG) 
region: and 3) the 22~state OTAG region covered by thc proposed NOx StMc Implementation 
Plan (SIP) call. Table 5 shows the percentage of natiofwl gasoline affected for each of these 
potential are'ls of control. 

'ruhle 5. Gasoline Production Impacted h Potential Control Areas 

Sulfur Control Area 
Gasoline Volume (percent of 
U,S. total, outside California) 

22·stat< OTAG Region 59% 

37~sUtte OTAG RClZion 89% 

Entire U.S" cxcludimz. California 100% 

A natinmti control ~trategy is one of the options being evaluated because of ilS 

consistency with the expected national upplicability of potential Tier 2 iilandards, tbe possibility 
th.!! the sulfur impact ImlY not be fully reversible, und the other ~mjssions benefits, such as 
reductions in air toxics and primary and secondary PM, that could be achieved from current 
vchicle.." In addition, as discu.%t'd in Chapter II, a national progr,ml may enable Ihe usc of certain 
advanced technology vchidc." ,md would rcmove any remaining concerns that onboard diagnostic 
systems may malfunction due to interferencc by sulfur. A national program 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 meeting the 
new standards relative to a smaller program. 

Figure 4 shows the area covered by the 37-statc OTAG region. This region was identified 
as a potential sulfur control area because this was the region that was considered during the 
OTAG procc~;s to identify strategies to control the transport of O7.one. However, it excludes II 
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-state OTAG region almost 
exactly corresponds to the fuel distribution area from the refineries in PADOs 1,2, and 3. 26 

Covering Ihe entire volume of gasoline sold in these three 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 future ozone nonattainment and maintenance areas as 
well as many of the areas which contribute to the transport of ozone. However, it would exclude 
even more such areas than the 37-state OTAG region discussed above. The 22-stale OTAG 
region is sufficiently limited in gasoline demand to exclude production by some refineries 
located in PADDs 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. 
However, the complexities in enforcing a smaller program. particularly one that covers only a 
fraction of the gasoline produced in a given PADD, would probably increase. Because of the 
gasoline distribution system for the refineries thai would produce gasoline for this region, a 
program may have to be implemented to prevent "dumping" of high sulfur gasolines into 
uncontrolled an~as. 

)1, U.S. refineries are grouped regionally into five Petroleum Administration Districts for Defense (PADDs) 
to represent the produ~ti()n 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 I and 3, 
assuming that all of the gasoline produced in each PADD is controlled. The costs of reducing 
gasoline sulfur levels from the current average sulfur level of 340 ppm down to average levels of 
150 ppm, 100 ppm, and 40 ppm have been estimated. These sulfur control levels were chosen 
because they matched the sulfur levels of the AAMA/AIAM and CRC lest programs described in 
Chapter II. 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 13.27 The estimated costs, listed in Table 6, include the cost of any 
projected decreases in fuel economy associated with the use of oxygenates to reduce sulfur 
levels. As explained in Appendix B, the costs were derived based upon estimates of summer 
production costs, as this season represents the most severe sulfur control season for a refiner. 
However, as sulfur controls were assumed to be in effect year-round, the resultant capital costs 
were amortized over the entire year. 

Table 6. Preliminary Estimates of Sulfur Reduction Costs 
tVolume.Weighted AHrllgl' ror PADDs I and 3,8% Return on In\'l'stml'nt) 

Sulfur Control Level 

150 DDIn 100 ppm 40 ppm 

1.1 - 1.8 c/gal 1.9 - 3.0 c/gal 5.1 - 8.0 c/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 I 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 technologies 
for sulfur removal, including the process for catalytic distillation developed by CDTECH 
mentioned previously. At a recent conference on sulfur removaltechnologies,28 CDTECH 
representatives claimed that sulfur control from current average levels down to about 40 ppm (on 
average) could be achieved wilh the CDTECH catalytic distillation process at a cost of 1-2 
cents/gallon. Other designers of new sulfur rcmovallcchnologies made similar claims. As 
indicated earlier, EPA plans to gather additional information about new technologies, and if 
appropriate, will include thesc technologies in future evaluations of sulfur removal costs. EPA 
will also be estimating the costs of gasoline sulfur conlrollo refiners in the rest of the country. 

11 Lester W yborny. MEMORANDUM to Susan Willis, "Review of the Cost-Effectivcness of Phase II RFG 
NOx Control." February 27,1997. 

l~ Inlern~ti()nal Fuel Qu~lily Information Center, "rucl Quality and Technology Briefing," Detroit, MI, 
March 9,1998, 
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This will facilitatc more precise estimates of thc 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 strategies, the 
American Automobile Manufacturers Association contracted with MathPro to estimate the cost 
of gasoline sulfur reduction.29 MathPro cstimated the cost of gasoline sulfur reduction in all thc 
gasolinc produced by PADDs 1,2, and 3 from the cun'cnt average sulfur level down to 40 ppm. ' 
A range of prices for the oxygenate methyl tertiary-butyl ether (MTBE) was assumed in the 
modcling. If an MTBE price of H4 cents/gallon is assumed (to be consistent with the EPA/DOE 
work dcscribed in the previous section), the cost of sulfur control estimated by the MathPro 
analysis is 5.5 cents per gallon of summertime gasoline. 

The MathPro/AAMA cost estimate falls near the lo~er end of the range of preliminary 
costs estimated by EPA/DOE. However, caution must be exercised in comparing different 
rcfinery modeling studies without understanding the differences in the premises of the studies, 
which may result in differences in cost. For example, the MathPro study included the cost of 
sulfur control ill PADD 2 refineries. It is expected that PADO 2 costs would be higher than the 
average of PADD I and 3 costs. Thus, adding PADD 2 costs to EPA's estimates would be 
expeclCd to increase the average costs, since PAoD 2 refineries currently produce higher sulfur 
gasoline (on avt:rage) than PADD I 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 
reduclions:1o That study estimated the cost of sulfur reduction from current average sulfur levels 
down to average levels of ISO ppm, 100 ppm, and 40 ppm.]1 To estimate these costs, MalhPro 
lIsed a refinery modeling methodology similar to that used for AAMA, modeling the combination 
of PAoDs 1,2, and 3. However, the refinery model used for API was re-calibrated to represent 
the actual 1996 summertimc gasoline qualities determined through the API survey of gasoline 
qualities referenced above in section A. The MathPro/API-estimated costs arc summarized in 

l~ Mathl'ro, [nc., "Co,ts of Pruducillg Gnsolines with Low Sulfur Content," work performed for AAMA, 
April28, 1997. . 

)0 MathPro Inc., "Costs of Alternative Sulfur Content Stnndanh for Gasoline in PADDS 1-3." Study for 
the American Petroleum Institute. February 5,1998. 

)1 The MathPro anatysis also considered a low sulfur gasoline scenario in which reformulated gasuline had 
an average sulfur level of lUU ppm ~nd conventional gasoline had an average sulfur level uf246 ppm. The cost for 
this ,cenario, as,uming an MTBE price of90 e/gal, wns estimntcd to be 1.90 clgal. 
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'fable 7 below, Like the AAMA analysis, (hese costs are similar to those estimated by ORNL for 
EPA/DOE, even though there were significant differences in the premises on which thcse 
modeling exercises were based, However, the M;nhPro/API cSlimalcs for control to 150 ppm or 
100 ppm are at or ~Ibovc the upper end Oflf1e EPA/DOE rangel'. while the MathProJAPI estimate 
for 40 ppm sulfur is closer to (he lowcr end of the EPAlDDE range. EPA will continue to 
analyzc Ihe MathPro/API analysis to better understand the causes of thcse differences. 

Table 7. Estimated ,Cost of Reducing Gasoline Sulfur, cents/galion ~ 

rSoun:e; MlithPro ({)r APll 

Average Sulfur Control Lcvel (ppm): 150 100 40 
Cost (c! 'al): 2.7 3.4 5.1 

•.average of !ill IT'. mer and wmluwsts ba,-ed OIl an MTBE price of9{) clg1!1 

F, Cost-Effectiveness of Sulfur Control 

EPA typically considers cost-effectiveness (the cost of reducing a ton of emissions) when 
cv:tluating ellli~;sion control programs. Calculating cost-dfectiveness allows comparisons 
b(;(wcen various emission control strategies that arc aimed al achieving reductions in the SHme 

pollutant (e.g.• the cost of a motor vehicle or fuel controlstralegy compared to the cost of varioll!' 
stationary SOlIf(:C control strategies for reducing emissions of NOx). Cost-cffc:ctivcrless is a useful 
tool for comparison, although other criteria ,ue aiso used {o derermine which regulatory programs 
to pursuc. 

In determining the cost-effectiveness of a regulatory option. both the costs and the 
resulting emissions reductions must he quantified. The estimation of the enst is the most 
straightforward of the two factors. The cost:;; of vehicle standards can hc derivcd from c.;;timmed 
per~vehicle costs. multiplied by total affected sales. Simi lady. the co51s of a sulfur control 
program can he derived from.m c~limalcd cost per gallon. multiplied by affected salc.'i, 

It is the (:stimatc of the emissions benefits to be achieved that C'1n be more difficult. 
pnrticuhlr!y when the CQlltrol program being evaluated involves marc than one signilkant 
bencfit. Cos.l~efrcclivcncss i~ mmt casily determined when a single pollutant is being controlled, 
or at Icas! reductions: in the emissions of one poUutanl arc the predominant henefiL Cost~ 
effectiveness becomes marc difficull to calculate when multiple hencfils (e.g., reductions in 
NMHC, CO. NOx, toxics. and SOx, enablemenl of future technology, etc.) arc signiiicant, as is 
expecled under potenUnl Tier 2 and gasolinc sulfur standards. Not oniy is it difficult to 

dCh;rminc huw to weight, on u rellltive hasis, the various emissions reduced (e.g .• is: a ton of NOx 
reductions as hcneliciul tiS a ton of SOx), but it can also be difficult to compare the resulting 
cost~effcclivene."5 estimates with eSlim;:ncs of {he cost-effectivcllcss of olher control strategies 
ibat nit!]' not htlv,~ valued these emissions reduclions in !.he same way. 
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Recently. representatives of the API &ollomics Committce (including u representative of 
NPRA) presenlcd PI proposed cost-effectiveness methodology 10 EPA,)2 This methodology 
combined the evaluation of Tier 2 sli.mdaros and gasoline sulfur ~tandanls and focused on the 
ozone-related benefits from ooth the eurrenland future vehicle fleets, API and NPRA 
recommended that this methodology be used to detennine thc optimum mix of lower sulfur fuel 
rcquifCnlCnlS and improved vehicle technology. TIley identified the specific types of datu needed 
for this upproacb .•11' well .11' gaps in the <iV"itable dat". 

G. Other Issues Affecting Sulfur Control Costs 

In addition to the production cost for the average refinery, there muy be other issues 
which could affect the costs to the refining industJY of a !iulfur control program. For example, 
one con<;ideration is whether Ihe program should bl.! definl.!d based on an average sulfur level. or 
based on it per-gallon limit on sulfUl', The preliminary cost estimates by EPA. as well as lhe 
other cost estimates cited previously, were for the cost!i for the avenlgc refinery controlling .sulfur 
to an average kve!. If such a sulfur reduction ~tand~ird were promulgated, a refiner would have 
to control the volume-weighted average sulfur level of its gasoline batches at or below the 
avef<lging stan{;md, While an averaging standard lead!i to reduced sulfur levels overall. over the 
year some batches of g,asolinc would be higher and others lower than the standard. These batch­
to-batch variations are due to the variances in the day~to~day operations of the refineries, 
including variatlon:; in the ~ulfur content of Ihe crude oils processed and both inadvertent .md 
required maintenance shutdowns of cCI1ain units:. 

As explained in Chapter 11, hatches of gasoline with sulfur levels above a certain (as yet 
unidcntified) level may cause serious complications for some emission control hardware. 
Furthermore. thl~ compliance costs a.....!iociated with an averaging program are likely to he higher 
than the costs for a program which provides an absolute cup on sulfur content, because of the 
complexities of enforcing :.i11 averaging siamlard (as di!icussed in the nexl section}. For these 
reasons. it may he more deslfUhle to e~tablish a max.mum per-gallon limit on g!lsoline su1fur 
levels. With such a cap, refincrs could not exceed the specified level in any batch. 

A per-gallon limit affects thc refining industry much differently than an averaging 
standard. Thi .... i:; because a cap forces an individual refiner [0 inslal) capilal i.XIuipmenl 01' take 
other actions to lcduce high sulfui batches to it grClJter degree than would he necc.lis,{ry under an 
averaging program. Even if some of Ihe historic variations in gasoline sulfur level were rc{luccd, 
under a pcr-gallon limit a refiner would have to produce gasoline wbkh, on average. would be 
substantially lower than the cap to ensurc that they comply, 

Since the cost estimates dcrived from refinery models are all bused on compliance on 
average, it is difficult to evaluatc loe costs of a pcr-galloo limit EPA has performed on umdysis, 

J~ "AP!JNPRAJEPA Meeting _3!lOJ9S . tier 2 SUlfur Cun!rol Co<;t·Effecti\'encss" 
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prcsel1led in Appendix C, to estimate a range of average sulfur levels that could arise 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 from refinery modeling which yields costs for control on average. 

A second isslle to consider in defining a sulfur control program is whether all refiners will 
be able to make the investment needed \0 control sulfur. As with any regulatory program, a 
gasoline sulfur control program - particularly one that affects the majority of gasoline produced 
in the country - may resuh in particular hardship for some individual refineries. If a refinery 
supplies a limited geographic area 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 elsewhere. In defining u sulfur control program, EPA plans to evaluate whether the 
opportunity exists to include program design strategies which may result in reduced costs and 
increased flexibility for the regulated industry, particularly those refiners most adversely affected 
by the program. Examples of these strategies include trading and banking of credits for early or 
excess compliance with standards, delayed implementation for small refiners, and phase-in of the 
requirements (by fraction of production or by increasing stringency) over several years, to spread 
out costs and investment. No estimates of the cost savings, olher 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 requirements. 

H. Enforc(~mcnt of a Gasoline Sulfur 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 arc also enforcement implications for each 
of the various choices, and the costs to industry of these different enforcement and compliance 
burdens cannot be easily quantified, although they must be taken into consideration. The 
enforccment implications arc described here briefly; a more detailed discllssion and evaluation of 
these issues will appear in any regulatory documents EPA develops in the future. 

A nationwide, per-gallon gasoline sulfur standard would be the most straightforward 
program from an enforcement perspective. In this case, the Agcncy may be able to focus 
primarily on the sulfur level of individual batches at the refinery gate andlor collect and analyze 
gasolinc 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 sulfur. 

If, however, any alternative form of a gasoline sulfur control program were implemented, 
the compliance burden would increase. For instance, allowing averaging to meet a sulfur 
standard might require: I) a more complex set of compliance procedures for refiners to prove that 
their volume-weighted, annual average sulfur levels meet the standard, 2) sampling surveys to 
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establish appropriate compliance within a given area, andlor 3) imposition of downstream sulfur 
standards which require distributors to establish compliance with the standard to ensure that the 
gasoline sold at the retaillevcl meets the standard, just as the gasoline that left the refinery did. 
Furthermore, 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 standard applicable to a given area is actually being met in-usc. A regional progmm could 
lead to the use of segregated storage and distribution systems, to ensure thaI low-sulfur gasoline 
is being delivered to thc correct area(s). Finally, the inclusion of phased-in requirements, credits 
for early compliancc, and delayed 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 
approprialc sulfur control program. 
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IV. Other Fuel Issues 

Few refinery operations are totally independent, and variations in the volume or quality of 
one refinery product can impact the volume and quality of another product. Sulfur removal 
technologies vary, and depending on which technology is selected, gasoline alone can he 
impacted, or other refinery products, such as the distillates used for diesel fuel and other 
products, can also be affected. Similarly. controlling fuel properties 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 isslle in this section is the potential impact of changes to 
non-sulfur properties of gasoline or other fuels on the cost of gasoline sulfur control. Also, these 
other fuel controls could increase the overall economic impact on a gi ven refinery. Details on the 
refinery interactions between gasoline sulfur control and the control of diesel fuel properties can 
be found in Appendix D. 

This chapter summarizes several other fuel properlies which may have significant impacts 
on emissions and that vehicle and engine manufacturers may request improvements in these 
properties to facilitate compliance with emission standards in the future. The first section 
discusses the distillation properties of gasoline, which collectively represent the ease with which 
liquid gasoline vaporizes and thus has implications for combustion and other phenomenon. A 
number of automobile manufacturers have indicated that current levels of gasoline distillation 
properties arc limiting their ability to meet stringent emission standards. The second section 
highlights several diesel fuel properties 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 gasoline, 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, T lOis defined as the 
tcmperature at which 10% of the fuel has evaporated, T50 is the temperature at which 50% of the 
fuel has evaporated, and so on. 
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The auto industry has defined the "rlriveability index" of a fuel. calculated from the 
equ'ltion lDI ;;;; 1.5(Tl 0) + 3.0 (1'50) + 1'901.)' as a measure of the potential for a vehicle to 
experience "drivcability" problems - hcsitmions. 5l<11I1>, etc, ~ as a result of the fuct According to 
the auto industry, a drivcability index in excess of 1200 indicates that the fucl may result in 
drivcability problems,J4 Auto industry representatives have also shared with EPA data which 
suggests an historical trend of increasing values of the drivcability index in ga."iolincs sold 
nationwide. 

Previolls studies of the effect of fuel properties on emissions have demonstrated rhat 
hydrocarbon emissions, in particular, are correlated with high vulues of individual distillation 
temperatures, such al\ T50 and T90. High hydrocarbon emissions can abo be assumed to occur 
during instances of poor driveabilily,3S such as hesitation during acceleration or engine st;.JIls, 
since such sitmltlons indicate that a significant tlmomlt of engine misfire is occurring. Engine 
misfire typically indicates that most or all of the fuel indocted into the cylinder leaves the engine 
unburned. Th(~ fuel docs not ignite because an insufficient :.lmount of the ruel injected imo the 
intake manifold vuporilcs to produce a Oammablc mixture in the engine cylinder. (Combustion 
of gasoline requires a spc-eific alllount of gasoline vapor. combined with oxygcn~ if too much of 
tbe gasoline remains liquid, combustion will not occur.) 

When misfire occurs. it also causes a large amount of fuel and oxygen 10 be sent [0 the 
catalyst. If misfire occurs over a sufficient length of time. this excess fuel and oxygen can 
incrc<lsc c<lta!y~t tcmpcr<ltures to the point where the catalyst is pennanenlly damuged. Small 
amOunL'i or misfire are unlikely 10 be noticed hy the driver, but can still significantly increase 
tailpipe Clltissiom, of hydrocarbons. 'Whenever noticeable drivettbllity problems are encoun.lcrcd, 
emissions are likely to have increased substantially. 

Jf the distillalion properties of all gasoline were similar. automntive engineers could 
account for the .;;ituations where insufficient vaporization may occur when calibrating the amount 
of fuel to be injt:cted during accelcf<ltions. Fuels with high distill<ltion temperatures vaporize 
les;<, leadillg to lean air~fud mixturc..... at the beginning of accelerations. Fuels with low 
distillatioll temperatures vaporize morc.leading to rich air-fuel mixtures at the beginning of 
nccclcrations, However, when fuels with different distillation characteristics are encountered, 
there is currently nn pmctical way to measure or sense the distillatinl1 propertic:-;, of a fud on the 
vehicle .md ildjust the calihralions based 011 this information, 

)) Where lhe T! O. T50, nnd T90 repn::scl,[ lite tempers.{ures nl which 10%,50% ilnd 90% of lite gasuline 
evaporates, mea~ureli in degrees Fahrenheit. 

~ Although ox,genn:e, decren'ie the TSO of lite gusalillc (allt! !hu~ rcducc~ Ihe driveubllity :ndch Lit !1;!S 
been suggesteli that ox.ygcnllted gasolines may fe~nlt in dri\'t'ability problems with n driveabilily index Ovef )t50, 

J} lncfea~cd emh5j(jn~ rcsllliiag from driveahilllj' prohlem5 mJj' not he reported on ~e,tf cO:ldllcl.;u under 
lhe federal lest proeednre {FTP).\inct{e5ISHI which hesitations or stalls oc\:ur w.ay have been invalidated. 

, 
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The'primary solution to misfire is to enrich the air~rucl mixture during accclcration:-; 
(i.e., increase the amount of fuel injected). $0 thnllhc air~fuel mixture in the cylinder is 
flammable even when fuels with high disljJlmioll temperatures are encountered. While this 
avoids misfiro with these heavier fuels, it increases hydrocarbon emissions whenever fuels wilh 
lower distiJIal iotl temperatures arc: uscd. Some manufacturers have indicated 10 EPA thM they 
have had to compromise their engine calibration strategies ill order for their engines to perform 
satisfactorily on those commercial fuels with the highest distill;.ltioll temperatures. This leads to 
sub-optimum catalysl performl.'nlce. 

EPA i!:. just beginning an evaluation or the available information on the impacts of 
distillation properties on emissions, Although data exists which demonstrates the impact of 
some: di.slil!mion properties on emission:.: for Tier () vehicles, there is much tes.s data for Tier 1 Or 
later model vehicles. A few mmmfucturcr:.. have :mbmitled limited data on individual LEVs 
which suggest an increased sensitivity. relative to older technologies, to changes in fuel 
distillation properties. The..'\c data :mggesl the potential for increased emissions a~ distillation 
properties deviate in either direction from some (as yet undefined) optimal level. Funhermore, as 
dbcussed in Chapter I), under the new "offcycIe" emission standards soon to ulke effect. 
manufacturers may he unable to program their vehicles to enrich the air~fucl mixture to 
compensate for high distillation temperatures, EPA has not yet estimalcd the cost of reducing 
g<lsolinc distillation temperatu!'Cs, or reducing the range of ga:;ollne distillation temperatures. 

EPA has not recently conducted any refinery modeling of the control of gasoline 
distillalion propcrties, thc intcr.lction of the control of both sulfur and distillation properties. 
Even without specifically modelIng the control of bOlh parameters, there is likely to he some 
interaction. Sulfur is contained in thc highest boiling portion of the gasoline-like material 
produced by the FCC unit (FCC gasoline), Refiners willlikcly cvaluate shiftlng some of thil' 
materiallo tbe distillate pool versus desulfurizing it Desulfurization will likely affect borh the 
amount and octane of lhe FCC gusolinc. This cvuluation of the operation of the FCC unit and 
proces~ing orlhe highest boillng portIon of the FCC gasoline would also provide refiners: an 
opportunity to include process modifications to reduce thc midwrangc or upper-range distillation 
tempcmtures of their gasoline, However, the FCC unit is not the only refinery process which 
produces high boiling materiaL Both the alkylmion unit and the catalytic reformer alsH produce 
significant quantities of higher boiling malerial which can increase the distillation {emperatllrc~ 
of finished gasoline. Both of thl!sC lHHtcriais contain very low levels of sulfur, as the sulfur 
contained in the materials sent to these units is rcmovcd,ln ordel' to protect 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. 

H. Diesel Fuel Properties 

EPA cunemly res.tricts the SUlftl1' content of onroad diesel fuel to 500 ppm. A cetane 
index minimum or 40 also applies to this fucL EPA does not have any regulations applying to 
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the quality of diesel fuel used in nonroad diesel 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 diesel 
fuel is known to be a problem with lean-NOx catalyst technology, which was addressed in 
Chapter II above. While control of nonroad diesel fuel quality appears less likely. it is possible 
that a sulfur limit similar to that applicable to on road diesel fuel could be implemented to 
facilitate the usc of oxidation catalysts or to reduce sulfate particulate. In 2001, EPA will he 
conducting a similar review of the feasibility of the future standards applicable to new l1onroad 
heavy-duty diesel 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 decisions about diesel fuel 
composition. 

Although any new controls applied to diesel fuel can potentially impact a given refiner's 
decisions regarding the means through which sulfur is removed from gasoline, it appears that 
diesel sulfur control has the potential for the greatest refinery interactions with gasoline sulfur 
control. As indicated above, a gasoline sulfur standard would most likely lead refiners to remove 
sulfur frolll gasoline blend stocks. More stringent diesel sulfur standards would likely lead 
refiners to remove sulfur from diesel fuel blendstocks. as opposed to other strategies. such as 
switching to lower suI fur crude oils. However, if both changes were made at the same time, 
refincrs might remove sulfur from feedstocks going to both gasoline and diesel fuel (e.g., the 
feedstream to tlie 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 sulfur reductions costs completed to date has not 
modeled the cost of the simultaneous 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 diesel fuels at the same 
time. 

Allhough diesel sulfur controlmuy have the most significant refinery interactions with 
gasoline sulfur control, controls applicable 10 other diesel fuel properties also have the potential 
to 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 tcchnology review for thc model year 2004 standard of 2.4 glBHP-hr for onroad diesel 
engines and the technology review for standards applicable to nonroad diesel engines proposed 
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 United 
Swtes, However, other countries arc also laking steps (0 limit the sulfur content of gasoline as 
well as diesel fucl. The characteristicI' and opcrating circumstances of national and regional 
gasoline refining industries differ to some degree from country to country. While- most rcfinc~ 
have access to the samc crude oill'. some utilize loc~ll crude oils with unique compositions. Also, 
[he mix of refined products differs from country to country_ For example. the market in some 
countries is more oriented to distillates (e.g., diesel fuel) and olhers to ga..'ioline. However. the 
primary benefits of sutfm' control in other countries arc the same as those hcre - to en~lble 
advanced emission controllechnologies and 10 reduce emissions from current or future vehicles. 
Harmonizing emission ~tandard;i and te~i procedurc;. across nationa\ boundaries which meet the 
levels of controj EPA determines to be ,Ipproprinte ih, aIM) a long-tcrm goal of EPA. While 
considerable effort is llliIJ required to achieve this goal, it cannot be achieved without 
harmonizing those aspects of fuel quality which affect vehicle technology and emissions. Thus. 
imemational regulato!)' activity on vehicle stmldards and fuel quality should be considered as 
EPA proceeds 10 develop regulatory program;i affecting both vehicles and gasoline sulfur levels. 
This chapler pl'esCltl~ ao overview of the currcn( and propo;icd galiolinc sulfur standards in other 
countries a;i wen as internationnl requircment;. nnd nctivljic;. for reducing gasoline sull'ur levels. 

A. Canada 

In Canada, the Canadian General Swndal'<is Board (CGSB) has adoptcd voluntary 
stmdanb, for gasoline !'ulfur following a consensus proeess involving the produccrs {refincries 
and importers), users (e.g .. aUlOlliobilc manufacturers), and othcr partic... (e.g.. governmcnt!'). 
This process is very similar to the process followed by ASTM in the U.S. TIll.'; CGSB'!' sf,md,ud 
for gasoline sulfur 151000 ppm. which is the same as the level established by ASTM in the U.S. 
Although cass's stn.ndard for unleaded gasoline spccifics a maximum sulfur comeni of 1000 
ppm, there arc no federal requirements thnt limit gasoline sulfur levels. However. the Canadian 
government is currcntly considering reductions in gasoline sulfur levels nationwide.](' 
Recofl1mcndaliom; to reduce sulfur 10 levels as low as 30 ppm on average/SO ppm maximum 
have been made. although no final dceisioHs have been I'c.tched, The Canadian government is 
collecting comments on the range of recommendations. and will hold a public meeting in May 
1998 to gather additional comments, 

Individual Canudian provinces have adoptcd lhe cess standard, or some other standard, 
for gasoline produced in that province. For example, Onulno has adopted the CGSB limit, while 
Quchcc's "Rcglcment SlIl' lcs Pmduit~ Pctrolicl's" limits the ll1:tximum level of sulphur in gasoline 

.1(, Sec RCpIHI~ rcJelencc~ in' Glenn Allard, Euvironmcn! Cunada. Menwrau~um 10 Steering. Cllmminee 
membcr~, Sulphur in G3soline 3nd Diesel Studies., Ref/OW COlJccmillg SulpilJ!rin Gmalinr «nd /Jirsri Fuck 29 
Augl!st )997. 
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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 thc 
sulfur levels specified in the regulations arc expected to be seen on average, the potential exists 
for some gasoline to have higher sulfur levels (while still meeting the NOx emissions 
performance standards). British Columbia's regulations specify that beginning in 1999, the 
annual average sulfur level of any primary distributor must not exceed 150 ppIll in Southwest 
B.C. and Vancouver Island. Beginning in 2000, the allnual average must not be greater than 200 
ppm for the rest of the province. ' 

n. European Union and Countries within Europe 

Reccntly, the European Parliament adopted fuel quality specifications for gasoline and 
diesel fuel. These fuel specifications include a 150 ppm cap on gasoline sulfur beginning in the 
year 2000. Beginning in the year 2005, this sulfur cap is lowered to 30 ppill. The Parliament 
Illuslnow reach a "common position" with the European Council of Ministers. A common 
position is anticipated and a final rule for the European Union is expected between May 15 and 
June I of 1998 . .17 In addition, Sweden and Finland have had tax incentive programs since 1994 
that encourage gasolines with sulfur levels below 100 ppm:1M 

C. Other Countries 

In addition to the United States, Canada, and Europe, other countries around the world arc 
"Iso implementing programs to limit gasoline sulfur levels. A summary of the current and 
expected future gasoline sulfur standards for various countries around the world is presented 
below in Table 8:19 In Mexico, cleaner-burning fuels are required in Mexico City during the 
winter. In Octoher 1996, the state-owned oil company PEMEX began offering and promoting a 
gasoline called magna rejrmmt/ada. 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 pplll. The magI/a 
rejormll/at/a fuel may be expanded to Monterrey and Guadalajara in the future. In addition, the 
government plans to subsidize the retail price of the fucL4

{) 

J) MenlOr:lndum from Fred L. PoUer, Information Resources, Inc .. to Margo Oge, U.S. EPA, European 
Par/iwlwil/'u.I'.H'S Tiglit Flit'! Spl'CijicQtio/ls, IS February t99S. 

J! Tushingham. Dr. Murk. "lntemational Activities Directed at Reducing Sulphur in Gasoline and Diesel," 
Environment Canada. 25 August 1997. 

;9 Alfred. Kenneth R .. "Why ruel Sulfur Varies Worldwide," Hart's ruel Technology & Management. 
January/February 1998. [Refer to this document for sulfur levels in the following countries: Germany, Austria, 
Switzerland. France. United Kingdom, Central/So. Europe. Latin America, Asia (except Japan), and Australia. 

~o Tushingham, 25 August 1997. 
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Japan has established a maximum per-gallon limit for sulfur in gasoline of 100 ppm. 
However, 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 set similar gasoline standards to those of the U.S. or the European Union (through 
the new Japan Clean Air Program), there will most likely be no additional improvements in 
gasoline sulfur levels in the ncar term due to the very low sulfur levels already seen in the 
coulltry.41 Elsewhere in Asia, Thailand regulations require a cap of 1000 ppm sulfur in unleadcd 
gasoline. 

In Australia. the government of the state of New South Wales (NSW) proposed to rcduce 
sulfur in gasoline to 100 ppm initially with a further rcduction 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 rcgulur unleaded gasoline and lSI ppm in premium unleaded. 

41 Idemitsu Kosan Co .. Lid .. "Clean Air Program in Japan," Presentation to the U.S. EPA, December 1997. 

EPA Staff Paper: Gasoline Sulfur 44 May I, 1998 

http:coulltry.41


Table 8. Summary of Gasl)linc Sulfur Levels in Olhu Cuuntries 

Connfry Currenr A vg.Sulfu r(ppm) Currenr FUlUrclPrvpoud liJfu:tive 
Sulfur SIO.ndard Sulfur Standard /Jate 

, Pre-mium 

Europ.::m Unwn 300 500 ppm 150ppm 2000 
(Puf!i.,mcn1 ) '''ppm "'05 

$wt'den Re<':llI11!llC!ldc!! 
iOOppm 

(t"'" inccn1ive) 

Finland Rccomrr.CJjded 
iOIJppm 

(1m; incenlive) 

GCfm.my, A\!~tri ii, 176 115 
Switl.cr),\uJ 

France 4()h 249 

United Kingdom 3411 287 

,. Eo,"", 257 124 

CanaJa 343 1000 ppm 50·360 ppm varies 

Atlamic 276 

Qo"", 3M 

Ontario 47u 

Pmirics m 

Britis!: Co;uml>ia' 27J 250 avg tlf 199.1 h,,-~dine 1'196 

~~~IPpmavgin ~~~~~~ 1999 
, • ;. <c" 2000 

500 ppm ma", 5[)O ppm 'iii,)'. 

Me:..!", {Me!ljco City) (Monterey & GUooalajar<l) 

Latin Amen.; .. 623 SOJ 

Japml <HID <100 HIO ppm mal( 

TI:ajlant.! 1000 ppm 

As!;.!! 145 159 

Alhtmli,\ 1'75 151 

New Snulh Wale" 200 ppm 100 ppm: 40 ppm blc'f 

'R rllish I , abo permil {ompliance with NO~ emissions reductions, determined using EPA's 
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Vt 	 Stakeholder Positions on Sulrur 

A number or parties have taken po~>itions regarding the need for nnd appropriateness of 
gasoline sulfur control ror the benefit of potential Tier 2 vehicles and the tleet as 41 whole. The 
following <;eclions summarize the posillons taken by various interested parties on this issue. 

A. 	 Automotive Industry 

AAMA and AJAM have jointly petitioned EPA to limit gasoline sulfur level for all 
gasoline (outside of California) "as SOOIl as possible" 10 the levellhat is "as low m.; practicable 
bUI in no ca.."\c greater than 40 ppm per gallon by weighl...or, ... no greater Ihan 30 ppm annual 
avemgc by weight with a per gallon cap of ~O ppm. ,>42 The petition claims that su\fur control is 
necessary for the following reasons: 

, 	 Higher sulfur levels will reduce lhe benefits of current and advanced technology 
vchicles by impairing the cn)ission control systems. 

, 	 Fuel sulfur contributes to atr quality problems such as particulate, sulfur oxidc. ... 
and air IOxics emissions, 

• 	 The sulfur impact on emission ccmral systems is irreversihle under normal 
operating conditions. 

• 	 If sulfur is not controlled, more fuel-efficient technologies will not be introduced 
in the U,S. because of their great sensitivity to sulfur. 

The petition also states that sulfm' J'etiuctinn technology is available to refiners. is a cosl~crfcctive 
means W reduce emissions, tlnd is already used in Californi<l and in other ('ountries. EPA is 
currently jn the process of reviewing the petition, 

Several individu<ll automakcrs h.we also released positions on the need for gasoline sulfur 
COntrol. Chryskr Corporation has concluded that high fucl sulfur levels reduce cutalyst 
efficiency, increase tailpipe emissions, and are <l barrier to Jean burn technology.H To <.Iddress 
tilc.."c iSSueS, they hu.vc recommended California sulfur levels 00 ppm on average, 80 ppm max.) 

.; Arne~lCllfi Automobile Manufacturers A ssoclalinn and A "nciJ.lion of lnlernaliolH.: A (.\lnmobile 
;\1unufacl~lrers, "Peljlion \0 Rl:gulate Sulfur in Gasoline Under Section 211{c) of Inc Clean Air ACL" Refme tne 
Oni;ed States Environmental Protection Agc!lcy. March 19, 11}t)8. 

" Boltz, Ronaltl R., "What's Coming· Em;\"ior. C(]ntrol Slnndards and Technol!)gl"~ presentation IQ Ihc 
CR C A IIlo/0il S)lm P()SiUlll: The S carell for S IIlfHr- Talt: {(lilt Em inlOll COlltrol Syttems. Dearborn, M L September 
II, 1991. 
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Similarly, Ford Motor Company has concluded that the catalyst technologies presently being 
developed for 2002 model year and later vehicles will not be capable of meeting LEV/ULEV 
standards with fuel sulfur levels greater than 300-500 ppm.~4 

It Oil 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:5 Acknowledging that Tier 2 vehicles will benefit from sulfur control, API and NPRA 
advocate a r!.!gional fuels program, under which all gasoline sold in ozone non:lttainment areas 
and the 22 OTAG states would he limited to 150 ppm sulfur. on average, during the SUIlllller 
ozon!.! season. The gasoline sold in the rest of the country would be limited to 300 pplll, on 
average, during the same period. The industry recommends that this program begin January 1. 
2004, or when the Tier 2 standards lake effect. whichever is sooner. These recommendations arc 
based on claims of significant NOx emissions reductions and a cost to the industry of about $3 
billion, equivalent to a production cost increase of about two cents per gallon of gasoline sold in 
the recommended covered areas. 

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

C. Catalyst Manuradurers 

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-term cap on sulfur in the 180-220 ppm 
range and a longer term cap of 80 ppm.l~ 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 
earlier models, An international association of Europe~1Il catalyst manufacturers and designers 
has also concluded that sulfur's impact on catalyst conversion efficiency increases at very low 
emission levels,,7 This organization claims that the development of a sulfur resistant catalyst 

4~ Gandhi. Haren S., "Effect ofFucl Sulfur on Automotive Three Way Catalysts," presentation to the CRC 
A utolOil Sympmium: The Search for Sulfur-Tolemnl Em issioll COlllml Syslems, Dearhorn, M t, September II, 
t997. 

, 4.1 "APIINPRA Sulfur Recommcndations:' March 20, 1995, 

4" Manufacturers of Emission Controls Association, "The Impact of Gasoline Fuel Sulfur on Catalytic 
Emission Control Systems," October 1997. 

H Searles, R,A., Automobile Emissions Control by Catalyst (AECC), "The Effect of Sulfur on Durnhility 
and Performance of C~talyst Based Emission Controls," 18 June t 997, 
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would require a trade-off bet~een catalyst performance and removal of other pollutants. 
Furthermore, they state that sulfur has an immediate effect 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 Ten'itorial Air Pollution program Administrators (STAPPA) and 
the Association of Local Air Pollution 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 gO ppill by 200s.a This resolution was based on a number 
of findings of the organizations, including the belief 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 localities get maximum emission reductions from EPA's motor vehicle control 
programs. 

Eo 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 controlling the transport of ozone and ozone 
precursors. In addition to supporting the use of Federal reformulated gasoline, OTAG 
recommended that EPA adopt an "appropriate" sulfur standard to "further reduce emissions and 
assist the vehicle technology/fuel system to achieve maximum long term performance."4~ 

a STAPP/\/ALAPCO RESOLUTION ON A NATIONAL GASOLtNE SULFUR CAP, Adopted October 
2R,1997. 

49 Ozone Trnnsport Assessment Group, "Recommendation: Gasoline," Approved by the Policy Group. 
Mny 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 appropriate. While it is probable that vehicle emission control 
technology will continue to develop and that catalysts may be able to be designed to be kss 
sensitive to 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 need for manufacturers to meet stringent off·cycJe emission standards beginning in 
200 I will increase the difficulty of both of these tasks, particularly that of achieving easy 
reversibility under normal driving. Therefore, it appears appropriate to evaluate various levels of 
sulfur reduction, applicable in both regional areas and across the entire nation, while the Agency 
is developing Tier 2 standards for 2004 and later LOVs and LOTs. 

The appropriate sulfur level for commercial gasoline remains to be determined. EPA is 
continuing to conduct refinery modeling 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 eSlimates of the sulfur sensitivity and reversibility of Tier 2 vehicles. When 
determining the appropriate sulfur level for commcrcial gasoline, EPA will also address the 
current mismatch of sulfur between commercial gasoline and EPA test fuel. 

To identify the appropriate sulfur control strategy and Tier 2 standards, EPA will continue 
to work closely with interested parties, gathering their input along the way. A public workshop 
will be held in May, 1998, 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 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 bc implemented coincidentally with the implementation of the planned 
proposcd Tier 2 emission standards for LDVs and LOTs. 
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SfATEMENT OF THE t:.S. ENVIRONMENTAL PROTECTION AGENCY 
0:'< COURT'S DECISION ON CI,EAN AIR RULES 

May 14, 1999 

"EPA stnnds by the rieed for the health protections embodied by the clean air standards 
and the science behind them, Tin: $001 and smog standards put in place almost two years ago will 
protect the health of 125 million Americans. including 35 million children. In fllcl. today"s ruling 
from a panel ofjudges from the: U,S. Circuit Court of Appeals for the District ofColumbia does 
not quesiion the science and proct"Ss conducted by EPA justifying the setting of new, more 
protective standards. However. the panel called into question the constitulionality of the primary 
pllblic hC'lllth provisions of the Clcun Air Act that on numerous occasions have been ratified by 
Congrclw and, until now, the courts. These provisions have afforded the American people with 
strong public health pro{ocliof\s for over 25 years, EPA is currently reviewing all options to 
preserve thcse standards, but intends to recommend an ,ippcal to the Department ofJustice. If the 
couns fail to uphold these protective standards, Congress mUSI ensure thai these protections are 
preserved for the Amer1eun people and EPA stands ready to work with them." 

R-51 ### 
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THE US COURT OF APPEALS FOR THE D.C. CIRCUIT 

DECISION ON EPA'S PUBLIC IlEAL TIl AIR STANDARDS 


FOR SMOG AND SOOT 


Ignoring Supreme Court Law: 
• 	 On Nlay 14, 1999, in a split decision (2 to I), 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 Clcan Air 
Act -- as applied in setting the new public health air quality standards for ozone (smog) and 
particulate matter (soot) -- is unconstitutional as an improper delegation of legislative 
authority to the Environmental Protection Agency (EPA). 

• 	 In constructing the programs that provide many of Ihis nation's most important public 
health and safety standards, Congress, EPA and other federal agencies have relied on 
a 64-ycar 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·establishcd ease 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 Tatel declared that "the court ignores the last half· 
century of Supreme Court nondelegation jurisprudence, apparently viewing these 
pennissive precedents as mere exceptions 10 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 relied 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 "ample 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 (SBREF A) and Unfunded 
Mandates Reform Act (UMRA). 

Delaying Public Health Protections: 
• 	 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, these harmful pollutants contribute to aeule health effects 
ranging from premature death to exacerbated asthma and other respiratory prohlems. 

The Decision: Specifically, the Court's decision: 



• 


• 	 did not question the need to provide the American public with strong health 
protections through tightened smog and s001 stnndards, 

• 	 rejecled tbe claim th.lt EPA consider COSIS when setting national air quality standards. 

• 	 left the 8-hour ozone standard in place. but stated that it "cannot be enforced." 

• 	 vacated the revised coarse particle (PM I0) standards, but the old PM10 standards still 
apply_ ­

• 	 The Court asked for further briefing on several issues. On June tB, 1999, the Court ruled that 
the PM2.5 standard should remain in place. However, the Court will allow parties to apply filf 

the standard to be vacated if "the presence of this standard threatens a more imminent harm", 
Presumably, the "hann" refers to the burden on sources complying with the regulalions, 

• 	 EPA strongly disagrees with the decision. On June 28, 1999 EPA and the Department of 
Justice filed a petition for rehearing en bane asking the entire DC Circuit to reverse the 
decision of the panel. 

Providing Americans with Ch!ancr Air: 
• 	 As a u:sult of an initial interpretation of the Court's ruling. EPA believes it can continue !O 

mo\'e forward with other vital clean 3ir programs that wHi provide the American people with 
important health protections, including: 

• 	 proceeding with its proposal for cleaner vehicles and cleaner gasoline, 

• 	 ensuring the air quality monitoring program continues and the PM 2.5 monitors arc put 
in place. 

• 	 continuing support for voluntary "right-to-know" programs managed by stales and 
coordinated through EPA. such as the Ozone Action Days and the air quality data 
submitled to EPA's Interne! Ozone Mapping Site. 

• 	 de5ignating arcas as attainment or nonaUalnment fix the new g~hour ozone standards. 

• 	 EPA is continuing to evaluate the impacts of this decision on, and next steps for, other dean 
air efforts, including the clTeet of the decision on areas where the I ~hour ozone standards and 
the old PM I 0 st.1ndards have been revoked. 

• 	 On May 25,1999, in a separate case, a 3~judge pane! of the same court (including the two 
judges who wrote the majority in the air standards case) issued an order partially staying the 
implementation of the EPA plan to reduce the :.t.ate-to-state transport ofsmog (NOx SIP eall), 
which will protect the health ofmillions of Americans in the eastern U.S. This is not a ruling 
on the merits oflhe plan, but a delay to allow all parties to argue their case before the court. 
EPA IS evaluating the order, and, in Ihe fall, will join it number ofstates in arguing before the 
court the need to move fonvard with ihese important health protections. R¢vist.!to/l!VW 



THE WHITE HOUSE 

Office of the Press Secretary 

(Seattle, Washington) 

For Immedllite Release May 14. 1999 

STATEMENT BY THE PRESS SECRETAR Y 

We are deeply disappointed by the Court of Appeals' ruling todl_Y on 

clean air standards, particularly given the court's explicit recognition 

that there is a stmng sdentific and public health rationale for 

tougher air qualify protections, We will <::ontinuc to do everything 

within our power to ensure that Ihe American people are adequately 

protected against smog, soot, and other harmful air pollutants. The 

Administration is studying (he ruling closely 'and will decide in the 

ncar future on a spedfic course of aClion, 

30-30-30 
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American Trucking Associations, Inc, v. USEPA, 

Nos. 97-1440 and 97-1441 (D.C.Cir. October 29, 1999) 

Summary ofOpiniol1s Re EPA's Request for Rehearing of May 14, 1999 Decision 

General Summar:! 

• 	 In July 1997. EPA issued health-based air quality standards for ozone and particulate maUer. In 
response to challenges filed by industry and others. a three-judge panel of the United States Court 
ofAppeals lor the District ofColumbia issued a split opinion on May 14, The relevant portions of 
this opinion are summarized below, 

• 	On June 28,1999. EPA filed a petition for rehearing on three aspects of the May 14 deCision. 

o 	The petition gave the original three~judge panel the opportunity to reconsider and modii).' 
portions of its May 14 decision. 

\> 	 The petition also asked the entire D.C. Circuit to rehear three issues and reverse the decision 
of the original panel. 

l! 	 The three aspects at issue were whether the panel erred: 

• 	 in determining that the Act) as applied and without further clarification, represents an 
unconstitutional delegation of legislative authority; 

• 	 in concluding that EPA lacks authority to implement the revised, more s.tringent 
ozone NAAQS; 

• 	 in detennining that EPA must consider alleged benefits ofozone pollution to address 
health ris.ks posed by the sun's natural rays when setting an ozone NAAQS. 

• 	 On October 29 j 1999, the Court responded to EPA's petition. 

l! 	The original three-judge panel kept most ofits original decision as issued on May 14, but it 
partially modified one aspect of its decision (see the "Abi1ity to Enforce Ozone Standard" 
section below). 

Q Rehearing before the entire court was denied, although the majority of voting judges voted 
in f,wor of rehearing. 

II 	 On thc] key constitutional issue, of the nine judges who voted, five voted in favor of 
gral1ting the petition for rehearing in 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 require a ­
majority of the 11 active judges to vote for rehearing (rather than a majority of the 
voting judges). 

• 	 ~A vigorous opinion in favor of rehearing, stated that the panel's decision on the 
constitutional issue was "fundamentally unsound" and went on to 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 tile issues they lost in the May 14 decision - including those portions of the panel's 
decision that upheld key aspects of the science EPA relied on and the process EPA followed in 
setting the standards, 
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Summary of Snecific issues 

• 	 NONDELE:GATION DOCTRINE: 

• 	May 14 Panel Decision: In the May 14 decision, the Court held (2 to i) that the Clean Air 
Act, as applied and absent further clarification, is. unconstitutional hecause it <lcffects an 
unconstitutional delegation oflegislative power." 

• 	 The Court stated that "the factors EPA uses in determining the degree ofpublic health 
concern associated with different levels of ozone and PM arc reasonable,l! 

• 	 Howe\lcr, the Court said that when EPA considers these factors for non-thrcshhold 
pollutants. "what EPA lacks is any detenninate criterion for drawing lines" to 
detennine where the standard should be set. 

• 	 The vigorous dissent on this issue stated that the relevant Clean Air Act provision's 
'ldelegation of authority is narrower and marc principled than delegations the 
Supreme Court and this court have upheld since [a i935 case relied on hy the 
majority]." 

" 	October 29 Panel Decision on Rehearing Request: In a split opinion reiterating its earlier 
yie\Ys, the panel denied rehearing on this issue. 

¢ 	 Request for Rehearing Before the Entire CQurt: Of the nine judges -voting, five voted to have 
thc entire Court rehear the case -- six votes were needed to grant rehearing. Four oflhesc 
five clearly said that the panel's decision on the nondeiegation doctrine should be reversed. 

• 	 In a strongly worded opinlo.n, three judges concluded that, UNot 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 ofmuch of its ahility to 
implement the Clean Air Act, this nation's. primary means ofprotecting the safety of 
the air breathed by hundreds of millions ofpeople," 

• 	 ABILITY TO ENFORCE THE REVISED OWNE STANDARD 

o 	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 that the revised ozone 
standard "cannot be enforced:' 

C> October 29 Panel Decision on Rehearing Request: in response to EPA's petition for 
rehearing, the panel modified this portion of the opinion . 

.. 	The panel replaced language in the May I4 decision stating that the revised ozone 
standard "cannot be enforced" with language saying that it could be enforced "oniy in 
confonnity with Subpart 2." 

• 	 ~The majol;t, did not explain what it meant to enforce a revised ozone slil;ndard 
"in cOllfonnity with Subpart 2," which sets out specific requirements for 
enforcing the pre-existing I-hour ozone standard, 

• 	 -The concurring opinion states that this uJeaves 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 to say that Subpart 2 does not bar EPA from 
enforcing a revised secondary air quality standard. This replaced language that would have 
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precluded EPA from enforcing a 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 g·hour ozone standard. It 
continues to'aHow the 8-hour standard to remain in effect because Uthe parties have not 
shown that the standard is likely to engender costly compliance activities in light of Ollr 

dclermination that it can be enforced only in confonnity with Subpart 2. u 

Q Request for Rehearing Before the Entire Court: The petition for rehearing this issue before 
the entire court was dented . 

• CONSIDERATION OF UVb RADIATION 

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

Q October 29 Panel Decision on Rehearing Request: The petition for rehearing 011 this issue 
was denied" 

I) Request for Rehearing Before the Entire Court: The petition for rehearing on this isslie was 
denied. . . 

, 
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