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Foreword

Lead In the environment IS an Important hazard to human health EpidemIOlogi
cal and clinical studies conducted over the last two decades have demonstrated
significant links between lead concentrations In the body and a variety of Ills
These Include Impaired mental development, reduced intelligence, and behavIOral
disorders In children, and high blood pressure, cardIOvascular disease, and cancer
In adults These effects have been found at levels oflead exposure that were
prevIOusly conSidered safe

Human exposure to environmental lead occurs through many pathways, includ
Ing exposure to lead-based paints, lead dissolved In water from lead pipes, brass
fittings, and solder JOints, and lead In food from Improperly glazed pottery and
soldered cans However, the Single most Important source ofhuman exposure to

lead IS lead aerosol formed by the combustion oflead antiknock addltlves In
gasoline The elimination of these additives IS the most Important Single step
toward redUCing lead exposure and the resulting damage to public health

Because ofprogress In refining technology, lead additives are no longer reqUIred
to achieve gasoline octane speCifications The United States has successfully
eliminated lead from Its own gasoline, and the U S Government supports
phasing out the use oflead In gasolIne worldWide Among the most Important
obstacles to promptly phasing out lead In gasoline In many countrIes IS the
uncertainty felt by many policy makers regarding the technical alternatives to
lead, the costs and benefits of redUCIng or elImInating lead use, and the potential
Impacts on the refining sector and on the vehicle fleet In many cases, polltlcal
deCISions to elIminate lead have already been taken, but the Implementation of
these deCISIOns IS Impeded by uncertaInty as to how best to carry them out

ThiS GUide IS Intended to support the worldWide phaseout oflead In gasoline by
proVidIng a checklIst and gUidance for government offiCials tasked with develop
Ing and Implementing a lead phaseout polIcy, and by assembling the data and
resources these offiCials need to carry out theIr task
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1. OVERVIEW
ThIS GUIde IS wntten for officIals who are responsIble for Implementmg the
phaseout oflead addltlves m gasolme It assumes that theIr governments have
already made the declSlon to elImmate the use of lead addltlves, but have not yet
determmed how and when to accomplIsh thIS

The actIvltles descnbed m thIs GUIde are not necessanly sequentIal, they may be
best applIed sImultaneously so that the output of each step IS evaluated as a
whole, and not solely as an mput to the next step along a cntIcal path For
example, although mvolvmg key stakeholders IS presented as the last aCtIVIty m
the development ofa lead phaseout strategy, it should not be conducted sepa
rately at the end of the process In fact, stakeholders need to be mvolved at the
outset if the phaseout plan is to be successful

ThIS chapter provIdes a summary and checklIst of the issues and
actIOns to consIder m developmg and implementIng a lead
phaseout polIcy It also gIves two examples ofsuccessful lead
phaseout programs

1 1 Why Phase Out Lead In Gasoltne~

Usmg lead addltlves to mcrease the octane ratmg ofgasolme enabled the develop
ment ofmodern hIgh-compressIOn gasolme engmes But these addltlves have also
produced dangerously hIgh levels oflead aerosol (fine partIcles suspended m aIr)
pollutIon m cltles worldwIde Lead IS a dangerous air pollutant, contnbutmg to

hIgh blood pressure, cancer and heart disease m adults, and to reduced mtellI
gence, behaVIOral dIsorders and impaired development m chIldren Health nsk
assessments m cltles around the world where leaded gasolme IS common have
shown that lead aerosol IS one of the most Important causes of health damage
due to air pollutIon Lead m gasolme also mcreases vehicle maintenance costs and
reduces the lIfe ofautomobtle engmes

WIth modern refinmg technology, lead addltlves are no longer needed to meet
gasolme octane speCIficatIons HIgh gasolme octane ratmgs can be achIeved
WIthout lead, at an mcremental cost to the refiner ofabout US $0 005 to $0 02
per lIter These costs are less than the resultmg savmgs m vehIcle maintenance
costs, and far less than the health benefits of reducmg lead pollutIon Thus, there
IS a clear economIC case for phasmg out lead addltlves as qUIckly as pOSSible, and
a strong movement toward domg so worldWIde
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r 1#1
J 1 2 Myths And MIsconceptIons About Lead Phaseout

Efforts to phase out lead In gasoline have been Impeded by a number of myths
and misconceptions that have concerned both government offiCials and the
public In some cases, these myths have been fostered or promoted by organIza
tions with vested Interests In continuing leaded gasoline sales Three very
common misconceptions are

Myth 1 Older engmes requue leaded gasolme, and Will suffer damage
If It IS not avatlable ThiS was a Widespread concern In the UnIted States
dunng the 1970s and 1980s Although laboratory tests have demon
strated that unleaded gasoline can damage valve seats In extreme cases, It
affects only a negligible percentage ofvehicles In actual use on the road
Where such damage occurs, It can be repaired and further damage can be
prevented by replaCing the seats With hardened In~erts The use of
unleaded gasoline reduces corrosIOn and extends the hves ofvalves, spark
plugs, engines, and exhaust systems Unleaded gasoline use reduces
mamtenance costs overall, as the savmgs from reduced corrosIOn are far
more than the costs of the occasIOnal cases of valve seat damage With
unleaded fuel

Myth 2 Vehicles usmg unleaded gasoltne must be eqUIpped With
catalytic converters It IS true that vehicles with catalytIC converters
requzre unleaded gasolme to prevent lead deposits from pOlsonmg the
catalyst and blockmg exhaust flow through the converter However It IS
also true that vehIcles Without converters can successfully use unleaded
gasolme Thus, reducmg or elimmatmg the lead content ofgasolme wIll
reduce lead emissions from both new and eXlstmg vehicles Exhaust
hydrocarbon emiSSIOns are likely to decrease as well, due to the effect of
reducmg lead depOSits m the combustIOn chamber

Myth 3 EmiSSions of tOXlC hydrocarbons such as benzene could
mcrease gready from unleaded gasolme use The changes In gasolme
composltlon needed to meet octane speCificatIOns Without lead may
change the emiSSIOns of other pollutants For mstance the use of
alcohols or ethers as high-octane blendstocks tends to reduce hydrocar
bon and carbon monOXide emiSSIOns, but may raise aldehyde emiSSIOns
Increasmg the fraction of benzene or other aromatic hydrocarbons m the
fuel- If permitted - may lead to higher emiSSIOns of these compounds
However, mcreased benzene emiSSIOns can be prevented by usmg such
technologies as alkylatIOn and IsomenzatlOn to mcrease fuel octane levels
mstead ofcatalytIC reformmg, or by speCialized processes that extract or
chemically elimmate benzene In any event the effects of mcreased
benzene emiSSIOns on public health would be mmor compared to the
benefits of reducmg lead aerosol exposure

1 3 How To Use ThIS GUIde
The remamder of thiS chapter contams a checklist and summary of the Issues and
actIOns to conSider m developmg and Implementmg a lead phaseout policy The
mvolvement of key stakeholders IS presented last among these actions but ItS
Importance cannot be overstated Because It IS crltlcal to a lead phaseout
strategy's success, It should be emphaSized throughout the process

2 IMPLEMENTER S GUIDE TO PHASING OUT LEAD IN GASOLINE



Implementers should first reVIew the checklIst, and then read the correspondmg
summanes m SectIon 1 4 DetaIled mformatIon on each of the topiC areas
addressed m the checklIst IS presented m Chapters 2 through 11

1 4 Summary OfIssues And Actions To ConsIder In Phas-
mg Out Lead In Gasolme

There are ten mam Issues and actIOns to consIder m developmg and Implement
mg a lead phaseout polIcy Each of these tOpICS IS addressed m the subsectIons
that follow

Checklist For Phasing Out Lead In Gasoline

Identify technical options for redUCing or eliminating lead
additives (Chapter 2)

Q Charactenze present gasoline supply
Q Assess the domestic refining Industry
Q Identify alternative sources of gasoline octane value
Q Evaluate gasoline supply scenanos
Q Assess the Impacts on gasoline diStribution and marketmg

systems
Q Assess the costs of alternative strategies to the fuel supply

sector

Assess lead phaseout Impacts on the vehicle fleet (Chapter 3)
Q Assess mamtenance benefits of unleaded gasoline
Q Assess potentIal for valve seat damage
Q Assess potential valve seat protection strategies
Q Evaluate net costs and savIngs for the vehIcle fleet

Assess lead phaseout effects on vehicle emissions and air
quality (Chapter 4)

Q Assess gasoline compOSition effects on emiSSions and air quality
CJ Assess need for poliCies affecting gasoline composItIon
CJ ConsIder vehIcle emiSSion control policy

Assess the health benefits of lead phaseout (Chapter 5)
Q EstImate the air quality Impacts of lead and lead alternatives
CJ Conduct fisk assessment for lead and lead alternatives
Q Assess the public health benefits of phasing out lead
CJ Conduct economIc valuation of public health benefits

Conduct a cost-benefit analySIS (Chapter 6)
Q Identify alternative phaseout strategies
Q Assess net costs to public and public health benefits of each

strategy
Q Select preferred phaseout strategy
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4

Choose polley Instruments (Chapter 7)
CJ Identify legal authority
CJ Assess available polley Instruments
CJ Evaluate "fit" between strategy and Instruments
CJ Select "best" comblnatlon of Instruments

Monitor compliance (Chapter 8)
[J IdentIfy mOnltonng needs
CJ Identify legal authority/reqUirements for mOnitoring gasoline

composItion
CJ Identify institutional and physical reqUirements for monitoring
CJ Identify responsibilities for mOnltonng and enforcement
CJ Plan gasoline mOnitoring and enforcement program
CJ Implement gasoline monItoring and enforcement program
CJ Identify and prosecute Violators
CJ Follow up to ensure that momtorlng and enforcement are effective

Conduct followup evaluation and reporting (Chapter 9)
CJ MOnitor trends In ambient lead and other air pollutants
CJ MOnitor trends In human exposure to lead
CJ Evaluate the effectiveness of the phaseout program
CJ Identify the cause of any problems found
CJ Communicate results to the pUblic, politicians, and legal authOri

ties

Conduct public education (Chapter 10)
[J Define public education goals
CJ Develop pUblic education strategy
CJ Identify potential communication media
CJ Assign responslbllitles for communication and pUblic education
CJ Follow up to assess effectIveness of the communication program
CJ Begm public education actiVities

Ensure public consultation and Involvement (Chapter 11)
CJ IdentIfy stakeholders
CJ Identify strategy for stakeholder Involvement
CJ Communicate risk assessment and benefit estimates
CJ Communicate/consult on alternative phaseout strategies
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1 4 1 Identtfymg Techmcal Options For Reducmg Or Ehmmatmg

Lead Addttlves

Lead addltlves typiCally Improve the octane ratIng ofgasohne by about 6 to 12
octane numbers, dependmg on the amount oflead added and the octane response
of the base fuel To reduce or ehmmate the use of these addltlves, It IS necessary
to find other ways to attam gasolme octane specIficatIons

Some OptIons For Makmg Up Octane Shortfall
When Lead Is Reduced Or Ehmmated

Near-term options These mclude blendmg gasolme WIth such
hIgh-octane components as blendmg gasolme WIth methyl
tertIary-butyl ether (MTBE), ethanol, alkylate, or mIXtures of
aromatIC compounds Some countnes have also used the
manganese-based octane enhancer MMT (however, please see
EPNs cautIons about MMT m SectIon 26)

Longer-term optIons Here, the most economIcal approach IS
usually to add new refinery process umts to convert the low
octane straight-cham paraffins m crude od to hIgher-octane
hydrocarbon types such as branched-cham paraffins,
naphthenes, and aromatIC compounds

Gasolzne supply The first step m IdentIfymg optIons for makmg up the octane
shortfall IS to charactenze the eXlstmg gasoline supply ThIS mcludes the volume
ofgasolme consumed and ItS prOjected growth. and the sources of supply It IS
also necessary to IdentIfy the octane value, the paraffin, olefin, naphthene, and
aromatIc (PONA) content, and the lead content ofgasoline from each source
AlternatIve sources ofgasolme supply should also be IdentIfied

Refimng zndustry The second step IS to assess the capabdmes of the domestic
refinmg mdustry, If one eXIsts ThIS would mclude ItS mstalled capaCIty, process
umts, octane production capablhty, the overall condltlon and economICS ofeach
refinery, and Its techmcal and finanCIal capabdltles to mvest m the constructIOn
of new process umts ThIS assessment should be carned out m consultation WIth
the mdustry mvolved, and may reqUlre the aSSIstance ofspeCIalIst consultants

Octane value sources After charactenzmg gasolme supphes and the local refimng
mdustry, Implementers are now ready to quantify the shortfall m the "octane
pool" that would result from reducmg or ehmmatIng lead Once thIS IS done,
they should Identify add1tIOnal sources ofoctane value avaIlable to make up thIS
shortfall, as well as the costs and mvestment needed per "octane-barrel" for each
source The mmlmum time requued to proVIde addltlonal octane from each
source should also be Identified

Supply scenarws Once potential octane sources are Identified, vanous combma
nons ofsources can be assembled to make up the octane shortfall under dIfferent
lead phaseout schedules
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Impact assessment Different lead phaseout strategies may mean different
reqUirements and costs for transportmg and dlStnbuting gasolme
blendstocks and finished gasolme Changes In the volume of Imported
gasolme and blendstocks may affect port and plpelme capacities, and pOSSI
bly require additIOnal mvestment to overcome bottlenecks Similarly,
changes m the number of gasolme grades, or m the sales volume of different
grades may affect distribution and marketmg costs

Cost assessment The circumstances ofa country will determme which speCific
lead phaseout schedules and strategies are to be assessed For each scenano
assessed, the Implementer should charactenze the costs, mvestment requirements,
and the reduction m lead emiSSIOns over time To ensure that all of the options
are conSidered, the scenariOS evaluated should mclude at least the two extreme
cases

• A very qUick phaseout m SIX months or less, With the octane shortfall made
up by Imported blendstocks

• A very slow phaseout over three to five years, In whICh lead concentrations
would gradually be reduced as new refinery process Units come on Ime

1 4 2 Assessmg Lead Phaseout Impacts On The Vehicle Fleet
Matntenance benefits assessment To assess the mamtenance benefits of unleaded
gasoline, the Implementer should quantifY how otten such mamtenance as spark
plug changes, 011 changes, valve repairs, valve seat repairs, and exhaust system
replacements must take place and their costs The change m these mamtenance
reqUirements can then be estimated usmg the mformatlon In Chapter 3

Valve seat assessment The Implementer should also assess the potential for some
engmes to suffer valve seat damage from usmg unleaded gasoline and the costs of
potential valve seat protectIOn strategies If these are indICated

Cost/savtngs evaluattOn Here, the Implementer should calculate and evaluate the
resulting net benefits or costs to the vehicle fleet as functIOns of time for each of
the lead phaseout scenanos conSidered, In order to compare them with the other
costs and benefits

1 4 3 Assessmg Lead Phaseout Effects On Vehicle EmiSSIOns And Au
Quahty

Gasoltne composltzon effects assessment Phasmg out lead Will entail changes In

gasolme COmpOSItiOn, and these changes Will affect the emiSSIOns of lead and
other pollutants from gasolme vehicles For mstance ralsmg the aromatic
hydrocarbon content ofgasolme may mcrease emiSSIOns ofbenzene and other
aromatics m exhaust and evaporative emiSSIOns Changes m gasolme composition
may also affect the photochemICal reactivity ofvolatile organIC compound
(VOC) emiSSIOns, and thus affect the formatIOn ofground-level ozone (photo
chemical smog) In a number ofcases, publIC concerns over these secondary
effects have delayed lead phaseout programs

It IS thus Important to assess and quantifY the potential secondary effects oflead
phaseout on emiSSIOns and air quality The assessment should be mcluded as part
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of the phaseout plan, and - where necessary - measures should be taken to
mltlgate any adverse Impacts Such measures mIght mclude settmg limIts on or
taxmg the benzene, aromatic, and/or olefin content of fuels, and lImltlng vapor
pressure to mInImIZe evaporatIve emIsSIons (see Chapter 4)

Poltcy assessment Lead phaseout also prOVIdes an opportUnIty to assess the need
for poliCles affectmg gasolme composmon ThIS would mclude a more general
reVIew of emISSIon control poliCIes for vehIcles and fuels, such as the adoption of
catalytIC converters and/or evaporative emISSIOn controls, and limIts on gasolme
sulfur content To the extent that such poliCIes Will mean changes m eIther the
composltlon or the market shares ofdIfferent fuels, they WIll affect mvestment
plans m the refinIng and fuel dIstribution sectors To aVOid waste and confuSIOn,
It IS best that they be adopted as an Integrated package WIth the lead phaseout
polley, rather than In pIecemeal fashIon

1 4 4 Assessmg The Health Benefits OfLead Phaseout
Leadexposure nsk andhealth benefits assessments To assess the health benefits of
redUCIng or elimInatIng lead emISSIons, the Implementer should Ideally know
how the dIstribution oflead concentrations In ambIent aIr and In human blood
wIll change In response to changes In gasolIne lead concentratIons GIVen thIS
Information, dose-response relationshIps derIved from epIdemIOlogIcal data can
be used to estimate the change In the InCIdence ofhIgh blood pressure, Impacts
on chIldren's health, cardIovascular Illness, and other health outcomes due to a
gIVen lead phaseout scenano Detailed data and calculatIon examples are gIVen In
Chapter 5

EconomIC valuation In comparIng the health benefits WIth the costs ofreducIng
lead In gasolIne, It IS often useful to express the health benefits In monetary
terms The value to SOCIety ofpreventIng a case oflead-related Illness or prema
ture death can be estimated based on treatment costs, lost productIVIty, and
people's wIllIngness to pay to reduce the rIsk of premature death and other
adverse consequences If the deCISIon has already been made to phase out lead,
the best use ofcost-benefit analySIS IS to compare and evaluate the costs and
benefits ofdIfferent options for phaseout Chapter 5 deSCrIbes some of the bases
for developIng such estimates

1 45 Conductmg A Cost-Benefit AnalySIS

SelectIng a strategy should take mto account the costs and benefits of the
dIfferent alternatIves, and such conSIderatIOns as technIcal and polmcal feasIbIlIty,
the legal basIS for the strategy, eqUIty among dIfferent SOCIal sectors, and accept
ability to polmcal deCISIon makers and to the public

Strategy tdenttficatton, assessment, andselectton FIrSt, the Implementer should
IdentIfY a number of alternative phaseout strategIes Then, the strategIes should
be assessed to determIne whIch ofthem are technIcally feaSIble, legally VIable,
eqUItable, and acceptable to deCISIOn makers and the public From these, he or
she should select the one WIth the greatest net benefits The evaluatIOn and
selection processes are dIscussed In more detaIl m Chapter 6
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1 4 6 Choosmg Poltcy Instruments
One goal of thIs GUlde IS to provIde tools to help the Implementer carry out the
appropnate lead phaseout strategy for hIs or her country Anyone of these tools
may be useful to a parncular country, but not all of them wIll be useful to all
countnes

The potentlal pohcy mstruments for lmplementmg a lead phaseout strategy
mclude regulatory "command-and-control" measutes and market-based mcen
tlves Examples ofcommand-and-control measures mclude hmmng the maxImum
lead content ofgasolme and prohlbmng Imports oflead addmves Examples of
market-based mcentzves mIght mclude a tax on lead addmve Imports, or on the
lead content ofgasolme sold Where legally feasIble, market-based measures are
generally preferable, as theIr flexlbillty reduces the chance that a regulatory
mIstake would dlSfupt the gasolme market, and may allow a faster phaseout
overall

Legalauthortty and mstruments In choosmg polley mstruments, the
Implementer should first ldentlfy the legal authonty or authontles avaIlable as a
basIs for such mstruments, and then assess the types of mstruments legally
permISSIble under that authonty For example, governments often have the
authonty to hmlt or prohIbIt tOXlC substance emlSSlOns, but may reqUlre new
leglslatlon m order to change tax rates on fuel

Strategyfit and tnstruments selectIOn The Implementer should also assess the
compatlblhty between the strategy chosen and the mstruments aVailable to
Implement It He or she should then select the best combmatlon of mstruments,
consldenng theIr effectIveness, costs and benefits, tlmmg, flexlblhty, and polmcal
acceptance

1 4 7 MomtorIng Compltance
Samplmg and checks to confirm that the gasolme sold comphes WIth the lead
hmlts and qUalIty speCIficatlons m effect are mtegral parts of the lead phaseout
strategy To guard agamst adulteratlon or smugglmg, gasolme samples should be
collected for analysIs at retaIl servIce statlOns, as well as at the refinery and/or the
port of lmportatlon Chapter 8 gIves detal1s on the samplmg and analyncal
procedures for lead, gasolme octane, and gasolme propertles and composmon

Needs ulentificatton In developmg thIS portlOn of the lead phaseout strategy, the
Implementer should ldentlfy the monltonng reqUIrements These would mclude
the number ofsamples and the types oflocatlons to be sampled to ensure
adequate coverage

Authortty and responstbtltues ulentificatton The Implementer should ldentlfy the
legal authonty that WIll momtor fuel composmon, mcludmg any ongomg
momtonng efforts

Phystcalandtnsututtonalmonttormg requtrements trlentificatton The
Implementer should then ldennfy the eqUlpment and personnel reqUlred for the
momtonng program, the mstltutlonal responslbllmes of these personnel, and the
sources offinancmg for any new eqUlpment or personnel needed

8 IMPLEMENTER'S GUIDE TO PHASING OUT LEAD IN GASOLINE



Enforcement program planntng and tmplementatton, and prosecuttng
vwlators Based on the mformatlOn developed, the Implementer should work
wIth the organIzations responsIble for enforcement to prepare a detailed plan
for the enforcement program and obtain any necessary authonzatIons or
approvals The agency responsIble should then Implement the plan, whIch
should mclude provlSlons for IdentIfymg and prosecutmg mdividuals who
are vlOlatmg the lead phasedown reqUIrements

Followup Once the program IS underway, the Implementer should follow up to
confirm that momtonng IS bemg done accordmg to the plan

1 4 8 Conducting Followup Evaluation And Reporting
Followup momtonng and evaluation are needed to ensure that the lead phaseout
program achIeves ItS goals, and to demonstrate to deCISlOn makers and the publIc
that these goals have been achIeved

Trends momtortng In addmon to momtormg changes m the lead content of
gasolme, Implementers should assess the changes m concentrations oflead and
other pollutants m ambIent aIr and changes m the dIstribution of blood lead
concentratlOns among the exposed populatlOn, particularly chIldren Chapter 9
gIVes more mformatIon on momtonng and measurement techmques

Program effecttveness andcommumcattons In most cases, the followup evalua
tion WIll demonstrate that lead concentrations m aIr and m human blood have
declmed sIgmficantly ThIs mformatlOn should be commumcated to decislOn
makers and the publIc m order to maintaIn theIr support for the phaseout
program Should the momtonng show that lead concentrations m eIther the aIr
or the exposed population have not declmed as expected, It may mdIcate that
other sources of lead eXIst and need to be IdentIfied

1 4 9 Conducting PublIc Education
Goals defimtwn An effective publIc education program wIll help assure publIc
support for the lead phaseout polIcy The program goals ("the message") should
mclude

• Making the publIc aware ofthe health and developmental problems caused
by exposure to lead, and the Importance ofgasolme addItives as the mam
source oflead m the enVIronment

• Counteractmg myths by proVIdIng accurate mformatIon about the abIlIty of
older vehIcles to use unleaded gasolme and the maIntenance benefits of
reducmg or elImmatmg lead

• ProvIdmg for effective dlssemmatlOn and consultation about the overall lead
phaseour strategy

Strategy, medta, and responstbtltttes tdentificatton SpeCIfic strategIes should be
deSIgned to meet the program's goals and be targeted to speCIfic audIences The
Implementer should also Identify appropnate commumcatIon medIa and aSSIgn
responsIbtlmes for commumcatIon and publIc education to the appropnate
organIZatiOn
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Program Jollowup DUrIng and after the public education process followup
studIes should be conducted These should assess the effort s effectiveness and
determme whether further publIC education efforts are requIred

1 4 10 Ensurmg Pubhc ConsultatiOn And Involvement
The type and amount of public consultation and mvolvement needed In develop
mg a lead phaseout strategy Will vary dependIng on a country's Institutional
arrangements and practICes As a general rule, active consultation with the
bUSInesses and organIZatIOns affected by the lead phaseout IS Important m
redUCIng Opposltlon and guardmg agaInst unforeseen consequences Consultation
wIth pubhc health and envIronmental organIzations, and with concerned mem
bers of the pubhc WIll generally help gaIn thelt support of the lead phaseout
program

Stakeholder ulentificatton Effective pubhc consultation should begm by Identify
Ing the stakeholders the mdlvlduals and organIzatIOns whose mterests WIll be
affected These Include oIl refiners and Importers, retaIl servIce statIon owners
and operators vehIcle owners and thelt representatives, publtc health offiCials and
the medICal profeSSIOn, parents, educators, and enVIronmental organizatIOns

Strategy ulentificauon andcommunzcaUons Implementers should define a
strategy for communIcating WIth stakeholders, and for Involvmg them m the
deCISIOns on the lead phaseout through such means as publtc workshops ThiS
strategy should be closely hnked to the pubhc education strategy dIscussed m
SectIOn 1 49, to ensure that a conSIstent and effective message IS communIcated
Equally Important, Implementers should pay careful attention to the questions
and objections that surface dUrIng the pubhc consultation process In some cases,
these may only IndICate a need for more effective pubhc education, but they wIll
often IdentIfy real problems that must be addressed In the program's design
DUrIng meetmgs WIth stakeholders, Implementers should commumcate the
results of rIsk assessments, benefit estimates and alternative phaseout strategtes

1 5 Examples of Successful Lead Phaseouts

1 5 1 Umted States
In the 1970s, average lead concentratIon~ measured m U S cItIes often far
exceeded EPA's average aIr qUalIty standard of 1 5 Ilg/m3 (today, It IS recognIzed
that even thIS standard does not adequately protect human health) The manda
tory sale of unleaded gasolme was mtroduced m 1974 In order to meet the needs
ofcars equIpped with catalytIC converters At that time leaded gasolIne con
tamed an average of2 4 grams oflead per gallon (0 63 g/lrter), and average blood
lead concentrations among chIldren m major cltles were around 20 Ilg/dl (twICe
the level now conSIdered to warrant medICal action)

Through a phased program, the allowable lead concentration In leaded gasolIne
was reduced to 1 1 gram per gallon (0 29 gil) by 1982 ThIS program also
Introduced the tradIng oflead rIghts between refinerIes so that a refinery that
was able to produce gasolIne contamIng less than 1 1 gram per gallon could sell
the excess "lead rIghts" to another refinery that needed them In 1984, a major
cost-benefit evaluation (Schultz et al 1985) concluded that the benefits of
further redUCIng lead use In gasolIne greatly outweighed the costs and that
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allowable lead concentratlons should be reduced to a milllmum as qwckly as
possible The allowable lead concentratlon was reduced to 0 5 gram per gallon m
July 1985 and to 0 1 gram per gallon (0 026 gil) on January 1,1986 The
allowable concentratlon was retamed at thiS level untll sales ofleaded gasolme
were finally banned m 1995

Dunng the same penod, emiSSions oflead from other sources were also reduced,
as was the use oflead solder m cans Steps were also taken to reduce human
exposure to lead m dnnkmg water Figure 1 shows the resultlng changes m
natiOnwide lead emiSSIOns and m average blood lead content as measured m
natlonwide health studies Lead emiSSiOns to the atmosphere have been vlftually
elimmated m the Ulllted States, and average blood lead concentratiOns have been
reduced more than 85 percent, to 23 Jlg/dl Today, the mam sources ofhuman
exposure to lead m the Ulllted States are the legacy of past use lead pamt and
water pipes mold bwldmgs, and lead-contammated sod near roadways and
mdustnal Sites

FIgure 1 Lead EmISSIons And Average Blood Lead Content
In The Untted States, 1970-1995
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1 5 2 MeXiCO Cityi

Measured lead concentratlons m MeXICO City'S au have fallen more than 98
percent m the last 10 years, despite mcreasmg gasolme consumptlon ThiS has
been a result ofgradual reductlons m the lead content ofleaded gasolme, as well
as the mtroductiOn and mcreasmg use ofunleaded gasolme The reductlon m lead
content began m 1986, when a new specificatlon of0 5-1 0 ml of tetraethyllead
(TEL)/gallon was established, replacmg the previOUS limit oB 5 ml TEL/gal (I
ml TEL contains approXImately 1 gram oflead) The standard was then succes
Sively reduced to 0 3 to 0 54 ml m 1991, 0 2-0 3 ml m 1992, and 0 2-0 1 mIl
gallon m 1994 As a result of these mcreasmgly stnngent standards, lead emiS
SiOns from gasolme decreased untll they were practlcally elimmated, as shown m
Figure 2

I ThiS descnptlon was proVided by Eng Sergio Sanchez former director ofenvironmental planrnng for the
Government ofthe Federal DISUlct ofMexico City
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Figure 2 Use Of Lead In Gasoline InTheValley Of MexIco, 1988-1998
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Unleaded gasolme was mtroduced m MexiCO m September 1990 m order to
accommodate the new vehicle emiSSIOn standards adopted natlonwlde m 1991
These reqUIred the mtroductlon ofcatalytiC converters m new vehicles Unleaded
gasolme sales m the Valley ofMexico mcreased as the catalyst-eqUIpped vehicle
fleet grew - especially after a change m tax structure m 1992, which brought the
pnces ofleaded and unleaded gasolme closer together In 1995, the MexICan
government announced ItS commitment to phase out leaded gasolme by the year
2000 ThiS goal was achieved by the end of 1997 Smce then, only unleaded
gasolIne has been distrIbuted m MeXICO

Reducmg the lead content m leaded gasolme and the mrroductlon of unleaded
gasolme have been part ofa comprehenSIve gasolme reformulatlon process
mtended to Improve au quality by reducmg tOXIC and ozone-formmg compo
nents ThIS reformulatlon process reqUIred a senes of refinery Improvement
proJects, mdudmg contmuous catalytIC reformmg plants, iSOmenZatlon plants,
and plants for the productlon of methyl tertiary butyl ether (MTBE) and tertIary
amyl methyl ether, as well as the addltlon ofalkylatlon plants

FIgure 3 Illustrates the evolutIOn of aIrborne lead concentratlons, from 1988 to
1998, for three representatlve statlons of the AIr QUality MOnItonng Network 2

In the late 1980s, lead levels peaked to more than 6 pg/m3, and exceeded the 1 5
pg/m3 three-month average standard throughout MeXICO CIty WIth the reduc
tlons m fuel lead content, atmosphenc lead concentratlons gradually decreased to
very low levels throughout the urban area The correspondmg trend m average
blood lead concentratIOns IS shown m Figure 4 These concentratlons have
decreased dramatlcally, from about 16 p/dl m 1988 to about 6 p/dl today

2 The Xalostoc stanon is located m an mdusmal area that IS north and upwmd ofthe urban area Merced station IS
located downtown m the middle ofan active commerCial area The Pedregal station is SIted downwmd m a
residential area
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Figure 3 Airborne Lead Concentrations In The Valley Of MexIco,
1988-1998
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Figure 4 Average Blood Lead Content In MexIco City, 1977-1997
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Mexican Institute of Public Health and American British Cowdray Hospital

The effects oflead on health and the Impact ofatmospherIc lead levels have been
extensIvely studIed III MexICo (Pardon and MartIllez, 1998) Some InveStigatIOns
made III the 1980s demonstrated Impacts on weIght at birth, IQreductIon and
neurologIcal and metabolIc dIsorders related to lead A cost/benefit estImation of
the reductIOn III airborne lead levels and health was made III 1993 (GIEp, 1993)
AccordIllg to that analysIs, the total cost oflead content reduction and the use of
unleaded gasolme was estimated at $717 millIon 3 The benefits for health and
vehIcle mamtenance Improvement were calculated at around $1,740 millIon 4

Therefore, the net benefit was estimated at $1,022 millIon

3 Cost estimates Included technology changes at refinenes consumer costs for uSing unleaded gasolIne and costs
for introdUCing catalyrtc converters In new cars

4 Benefit estimates consIdered med.Jcal treatment costs speCIal educaaon costs prevenaon ofdeath from heart
d.Jsease reducaons III lost work and school days etc
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Lead from gasolme has been eltmmated as a threat to health m the Valley of
MexIco However, other sources of lead exposure remam senous, such as lead
from leaded pottery and pamts
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2. IDENTIFYING TECHNICAL OPTIONS
FOR REDUCING OR ELIMINATING
LEAD ADDITIVES

Lead IS added to gasolme to Improve knock resistance, as measured by the
gasolme's octane rating Lead addmves can be reduced or eltmmated by employ
mg other means to attatn gasolme octane specifications A number ofoptIOns are
avatlable to achieve mcreased octane levels Without lead These optIOns can be
broadly categonzed as

• Purchasmg high-octane gasolme components and blendmg them mto low
octane fuel

• Upgradmg and addmg refinery eqUIpment to produce higher-octane gasolme
components

• Usmg octane-enhancmg addmves based on substances other than lead

Lead addmves typICally Improve the octane ratmg by about 6 to 12 octane
numbers, dependmg on the amount oflead added and the octane response of the
base fuel The techmcal options for makmg up the octane shortfall due to
reducmg or eltmmatmg lead mclude

• Near term These mclude blendmg gasolme With oxygenates such as ethanol
and methyl tertlaty-butyl ether (MTBE), blendmg With high-octane
hydrocarbon components such as alkylate and benzene-toluene-xylene (BTX)
blends, and usmg the manganese-based octane-enhancer MMT

• Longer term The most economICal way to Increase octane IS usually to add
new refinety process umts to convert low-octane hydrocarbons such as
stralght-chatn paraffins mto higher-octane hydrocarbon types such as
branched-cham paraffins, naphthenes, and aromatic compounds

ThiS chapter helps Implementers to evaluate the phySical and
chemical optIOns avatlable for reducmg or eltmmatmg lead
addmves m gasolme, while matntammg octane levels It
discusses

• Octane ratmgs worldWide

• The blendmg octane values attamed With a number of
gasolme components

• The relationship between lead concentrations and octane
levels

• The octane producmg capabtlmes ofvanous refinety types

• The sources, volumes and pnces ofthe oxygenates blended
m gasolme and thetr Impacts

• The properties and performance of the anti-knock addmve
MMT

• ConSiderations m developmg a lead phaseout strategy
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1 Characterize the current gasoline supply
To Identify the options for making up the octane shortfall by redUCing or
eliminating lead, one should first characterize the eXisting gasoline
supply This Includes the volume of gasoline consumed and ItS pro
Jected growth, and sources of supply It IS also necessary to Identify
the octane value, the paraffin, olefin, naphthene, and aromatic (PONA)
content and the lead content of gasoline from each source Alternative
sources of gasoline supply should also be Identified and characterized
where pOSSible

2 Assess the domestic refining Industry
If there IS a domestic refining Industry, ItS capabilities should be
assessed These Include the Installed capacity process Units already In
place, octane production capability, the overall condition and economics
of each refinery, and ItS technical and financial capabilities to Invest In
the construction of new process Units ThiS assessment should be
carned out In consultation With the Industry Involved, and may require
the assistance of specialist consultants

3 Identify alternative sources of gasoline octane value
HaVing characterized gasoline supplies and the local refining Industry,
Implementers can now quantify the shortfall In the "octane pool" that
would result from redUCing or eliminating lead Once thiS IS done, they
should Identify the sources of additional octane value available to make
up thiS shortfall as well as the costs and Investment requirements per
"octane-barrel" for each source The minimum time reqUired to prOVide
additional octane from each source should also be Identified Different
combinations of sources can then be assembled to make up the octane
shortfall under different lead phaseout schedules

4 Evaluate gasoline supply scenarios
Once potential octane sources are Identified, various combinations of
sources can be assembled to make up the octane shortfall under
different lead phaseout schedules

5 Assess the Impacts on gasoline distribution and marketing
systems

The reqUirements and costs for transporting and distributing gasoline
blendstocks and finished gasoline may vary under different lead phase
out strategies Changes In the volume of Imported gasoline and
blendstocks may affect port and pipeline capaCities and pOSSibly
reqUire additional Investment to overcome bottlenecks Similarly,
changes In the number or sales volume of different gasoline grades
may affect distribution and marketing costs

6 Assess the costs of alternative strategIes to the fuel supply
sector

The speCifiC lead phaseout schedules and strategies to be assessed
Will depend on each country's circumstances For each scenariO, the
Implementer should characterize the costs Investment reqUirements,
and the reduction In lead emiSSions over time To ensure that the full
range of options IS conSidered the scenarios evaluated should Include
at least the two extreme cases a very qUick phaseout In SIX months or
less, With the octane shortfall made up by Imported blendstocks, and a
very slow phaseout In three to five years In which lead concentrations
would gradually be reduced as new refinery process units come on line
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2 1 Knock And Octane Ranng
Defintttons The octane number ofa fuel IS a measure of Its resistance to detona
tion and "knockmg" m a spark-Igllltion engme Knock reduces engme power
output, and severe or prolonged knock will likely result m damage to the pistons
and/or overheatmg of the engme The tendency for a fuel to knock mcreases with
mcreasmg engme compressIOn ratio Higher-octane fuels are more resistant to

knockmg, and can thus be used m engmes with higher compressIOn ratIOs This
IS desIrable, as higher compressIOn ratIOs result m better thermodynamic effi
ciency and power output Engmes designed for use with high-octane fuels can
thus produce more power and have lower fuel consumption than engmes de
signed for lower-octane fuels For a given engme design, however, there IS no
advantage m usmg a higher-octane fuel than what the engme reqUires

Measurmg Octane Number

The octane number IS measured by two standard tests - the
research and motor octane tests The results of these tests are
expressed as either the research octane number (RON) or the
motor octane number (MaN) of the fuel Both tests mvolve
comparmg the antiknock performance of the fuel to that ofa
mixture of Iso-octane and n-heptane, With the "octane number"
bemg defined as the percentage of Iso-octane m the octane/
heptane mixture that gIVes the same antiknock performance as
the fuel under test For fuels With octane numbers above 100,
mIXtures of Iso-octane and tetra-ethyl lead are used to extend
the octane scale to 130

The research and motor tests differ m detaIl the research test
reflects pnmarIly low-speed, relatively mild dnvmg, while the
motor test reflects high-speed, high-seventy dnvmg Most fuels
have a higher RON than MaN In the Dlllted States and parts
ofLatm Amenca, gasolme antiknock ratmgs are expressed as the
average ofRON and MaN, denoted by (R+M)/2 Elsewhere,
the RON IS typICally the value quoted, but specifications limit
the mmlmum MaN value as well

W'hy people buy hzgh-octanegasolzne In many countries, gasolme vendors have
sought to associate high octane ratmgs With "quality" m the public mmd,
allowmg them to charge much higher margms for "premIUm" gasolme, thus
mcreasmg theIr profits The public may buy this "premIUm" gasolme m the belief
that they Will reduce theIr vehicle's maIntenance costs or Improve ItS reliability
Except for a few vehicles that requIre higher-octane gasolme (generally hlgh
performance and luxury models), the extra money spent on higher-octane grades
provides little or no benefit, while the extra lead and/or aromatic compounds
that may be used to achieve the higher octane ratmg contribute to environmental
degradation

Speczficattonsfor gasolzne octane rattngandleadcontentamongsome ofthe mazn
automobzle-produczng countrzes and regzons As Table 1 shows, the two maIn
unleaded gasolme grades are an unleaded "regular" grade with tyPICal RON and
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MON values of91 and 82 (correspondmg to the U 5 (R+M)/2 speCification of
87), and an unleaded 'premIUm" grade wIth typiCal RON and MON values of95
and 85 respectively Most cars produced or sold m North Amenca smce 1975
have been deSIgned to use unleaded regular fuel whIle most cars produced or sold
m Europe m the last decade have been deSIgned to use unleaded premIUm

Table 1 World Specifications For Gasolme
Octane Ratmg And Lead Content

Octane Rating Max Lead'

Country/Grade RON (R+M)/2 MON (g Pb/lt)

United States
Regular 87 82 00
Mid grade 89 00
Premium 9195 00

European Union
Unleaded super 98 8788 00
Unleaded premium 95 85 00
Leaded premium 9699 8687 015

Japan
Premium 96 00
Regular 89 00

South Korea
Unleaded 91 83 00

Thailand
Premium 95 84 00
Regular 87 76 00

Proposed Latin America!
Caribbean HarmOnized Standard
Regular 91 82 00
Premium 95 85 00

Most countries allow a tolerance of up to 0 013 grams of lead per liter to account for possible
cross contamination by leaded gasoline Actual lead concentrations are normally well below thiS
level and often below detection limits

Sources Owen and Coley (1995) ESMAP (1998)

2 2 Hydrocarbon ClaSSIficatIons And Octane Values
The octane ratmg ofa gIVen gasolme blend IS determmed by

• The hydrocarbon composltlon of the fuel

• The content ofhIgh-octane non-hydrocarbon blendstocks such as ethers and
alcohols

• The amount ofantiknock addItIves used, If any

Because of non-lmeantIes and mteractIons between dIfferent gasolme compo
nents, the effect ofaddmg a gIven component to a gIven gasolme blend may not
be Strlctly proportional to the octane value of the pure component For thiS
reason, refiners have defined "blendmg octane values for different compounds
that reflect theIr effects when blended mto typICal gasolmes
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Blending octane values Table 2 gIves blendmg octane values for a number of
typICal gasolme components As thIs table shows, straIght-cham "normal"
paraffimc hydrocarbons have low octane values, whIle branched-chaIn
Isoparaffins, olefins, naphthenes, and aromatlC hydrocarbons have hIgher octane
values Oxygenated compounds such as alcohols and ethers also have very hIgh
blendmg octane values

"StraIght run" gasolIne dIstIlled from typICal crude OIls has a hIgh percentage of
normal paraffins, and thus tends to have relatIvely low octane value TypICal
RON values for straIght-run gasolme are m the range of60 to 75 A major focus
of modern refimng technology IS to Improve the octane value of the hydrocar
bons that are eventually blended mto gasolme by convertmg them from normal
paraffins to hIgher-octane aromatICs, naphthenes, olefins, and Isoparaffins

Table 2 Blending Octane Values Of Some Typical
Hydrocarbons And Gasoline Components

RON MON

Normal Paraffins
n Hexane 19 22
n Heptane 0 0
n Octane 19 15

Isoparaffins
2 3 Dlmethylhexane 71 76
2 2 4 Tnmethylpentane (ISO octane) 100 100

Oreflns (Alkenes)
1 Butene 144 126
1 Pentene 119 109

AromatiCs
Benzene 99 91
Methylbenzene (toluene) 124 112
1 2 Dlmethylbenzene (0 xylene) 120 103
1 4 Dlmethylbenzene (p xylene) 146 127

Naphthenes (Cycloalkanes)
Cyclopentane 141 141
Cyclohexane 110 97

Oxygenates
Methanol 127136 99104
Ethanol 120135 100106
Tertiary butanol 104 110 909a
MethanolfTBA (50/50) 115123 96-104
Methyl tertiary butyl ether (MTBE) 115123 98-105
TertIary amyl methyl ether (TAME) 111116 98-103
Ethyl tertiary butyl ether (ETBE) 110 119 95-104

Source Owen and Coley (1995)
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I Ii 2 3 PropertIes OfTetraethyl Lead
Tetraethyllead (TEL) has been used to reduce the knockmg tendenCles of
gasolme smce 1922 Before advanced refinmg technology was developed, the
annknock propernes TEL Imparted to gasolme enabled the development of
efficIent, hIgh-compressIOn gasolme engmes By addmg approxImately 0 8 to 1 0
gram oflead per lIter to straIght-run gasolme, the octane ratmg can be raIsed to
around 85 RON The first hIgher-octane gasolmes were produced m thIs way,
and many of the smaller and older refineries m developmg countnes are stIll
configured m thIS manner

With the development
of advanced refining
technologies, It IS now
possible to achieve
high octane ratings
Without the use of
lead

WIth the development ofadvanced refinmg technologIes, It IS now possIble to
achIeve hIgh octane ratmgs Without the use oflead Where permItted by law,
however, lead addltlves are stIll the cheapest means of producmg hIgh-octane
gasolme

The relatzonshtp between lead concentratzon and octane mcrease As Figure 5
shows the octane boost due to lead typICally vanes both WIth the lead content
and With the octane value of the base fuel The octane mcrease resultmg from a
gIven amount oflead IS greater for low-octane regular gasolme than for higher
octane premIUm fuel ThIs mcrease also vanes WIth the amount oflead already m
the fuel The first 0 1 g/lIter of lead addltlve gives the largest octane boost, with
subsequent mcreases m lead concentratIon gIvmg progressively smaller returns
Thts non-lmear relatzonshtp between lead addtnon and octane Increase has very
tmportant tmpftcatzonsfor a leadphaseout strategy

Figure 5 Octane Enhancement Vs Lead Concentration
For Some Typical Gasolmes

18,.--------------------------.,
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Source Abt (1996)
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If refinery octane capacIty IS lImIted, the qUIckest and most economICal way to
reduce lead emISSIOns wIll generally be to reduce the lead content ofeXIstmg
leaded gasolme grades as much as possible, rather than to encourage refiners and
vehIcle owners to sWitch from leaded to unleaded fuel The non-Imear relatIOn
ShIp between lead and octane means that less lead IS reqUIred to produce two
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liters oflow-lead gasolme than to produce one lIter ofhigh-lead gasolme and one
hter ofunleaded with the same octane value

TEL addzttve package In order to prevent excessive butIdup oflead deposits m
the engme, TEL IS normally sold and blended mto gasolIne m combmatlon with
a mIXture ofethylene dtbromlde and ethylene dlchlonde, this mIXture IS known
as "motor mIX ' The bromme and cWonne atoms combme with lead m the
combustion chamber to form lead bromide and cWonde, IImltlng the bmldup of
lead made on the combustIOn chamber walls

TEL IS extremely tOXIC and (unlIke morgamc lead compounds) IS readtIy ab
sorbed through the skm, making It dangerous to handle Both ethylene
dlbromlde and ethylene dtchlonde have been Identified as possible carcmogens,
as has morganlc lead

2 4 Petroleum Refimng And GasolIne Supply
Gasolme IS produced by refinmg crude oil as a co-product with other od prod
ucts such as lIquefied petroleum gas (LPG), kerosene, Jet fuel, diesel fuel, fuel
otis, lubncatmg otis, and feedstocks for the petrochemical mdustry Gasolme and
diesel fuels compnse a large percentage (between 30 and 70 percent) of the
products from most refinenes Because ofIncreasIng demand for gasoltne and
diesel fuels compared to other products, and Increasmgly strmgent environmental
reqmrements for gasolme and diesel quality, the refimng Industry has had to
undergo an Important transltlon In technology and product slate

Crude ot! contaIns a Wide range ofhydrocarbons, organometalltcs and other
compounds contaInmg sulfur, mtrogen, etc It varIes In chemical composltlon,
from 011 field to 011 field, and also with time withIn a given otI field The
hydrocarbons (HCs) In crude ot! are as SImple as CH4 (methane) or as complex
as C SSH 60, With each of these compounds havmg ItS own bOlltng temperature A
refinery Will distill crude OtIintO vanous fractions and, dependIng on the deSIred
final products, Will further process and blend those fractions With gasoltne
making up only a fraction of the constituent hydrocarbons m crude otI, a refinery
must either sell the remaInder as marketable products or convert the larger
molecules mto smaller gasolIne molecules

2 4 1 Different Refinery Types And Capablhtles
Petroleum refinenes vary greatly In size and compleXity, dependmg on the level
and sophisticatIon of the phYSical and chemtcal processes they perform One
commonly used clasSIfication dlVldes refinenes mto three groups tOppIng
refinenes (the Simplest), hydrosktmmmg refinenes, and "complex" refinenes

TOppzng refinery The mltlal processmg step In all petroleum refinenes IS the
separation of crude 011 by dlstt!lanon mto a vanety of process streams With
different bOllmg ranges (Figure 6) In a toppmg refinery, these "straIght run"
process streams receive mmlmal further processmg (e g , to remove Impurltles
such as sulfur) before bemg blended mto final products Toppmg refinenes do
not mclude process umts deSIgned to mcrease the octane of the "straight-run'
gasolme they produce, and must therefore rely on the use oflead addtnves or
other blendmg components such as oxygenates m order to meet octane speclfica
nons
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> 427" C -- Straight run reSidue

343 4270 C - Heavy gas 011

232 3430 C - Light gas 011

157 232 C - Kerosene

104 157 C - Heavy naphtha

32 104 C - Light naphtha

< 320 C -- Butane and lighter

Figure 6 Distillation Of Crude 011
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Hydroskzmmzng refinery A
hydroskImmmg refinery IS
SImIlar to a tOppIng refinery,
except that It Includes one or
more catalytIC reformer
umts As dIscussed In Section 2 4 2, the catalytIC reformers convert some of the
low-octane paraffimc components In "straIght run" gasolIne Into hIgher-octane
aromatics and naphthenes ThIs operatIOn produces excess hydrogen, whICh IS
often used for hydrotreatIng the Jet and dIesel fuel streams to remove sulfur and
Improve combustion qUalIty OtherwIse, It may be burned as fuel FIgure 7
shows a SImplIfied process dIagram for a typICal hydroskImmIng refinery

Although many older
refinenes were ongmally
bullt as toppmg refinenes,
most of these have smce
been upgraded to
hydroskImmmg or complex
types The few remammg
toppmg refinenes are mostly
small umts servIng Isolated
markets In developIng
countnes
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ToppIng and hydroskImmIng refinenes have little fleXIbIlIty to change the
proportion of crude 011 Input that goes to dIfferent products The relatIve
amounts ofgasolIne, Jet fuel, dIesel, and fuel 011 produced are determIned
pnmanly by the hydrocarbon composltlon of the crude 011 A crude 011 wIth a
hIgh percentage of lIght hydrocarbons wlll make It possIble to produce more
gasolIne and dIesel fuel, whlle a heaVIer crude 011 wIll result In greater productIOn
ofheavy fuel od In the last two decades, the demand for (and hence the value
of) "whIte" products such as gasolIne and dIesel fuel has Increased more than that
for "black" products such as fuel 011 As electrIcal generation IncreasIngly shIfts
from OIl-fired steam turbInes to natural gas-fired combIned-cycle plants, thIs
trend IS hkely to contInue

Figure 7 Simplified Process Diagram For A Hydrosklmmmg Refmery
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Complex or "converszon" refineries These refinenes are dIstInguIshed from
tOppIng and hydroslummIng refinenes by posseSSIng one or more process umts
Intended to convert low-value resIdual products Into hIgher-value products such
as gasolIne and dIesel fuel The most common converSIOn umt IS a flUId catalytIc
cracker (FCC) ThIS process umt heats the heavy gas oIls produced by vacuum
dIStIllation of the resIdual OUIn the presence ofa catalyst, caUSIng the large
hydrocarbon molecules present In these OIls to "crack" Into smaller molecules
The resulting product IS hIgh In naphthenes, aromatics, and olefins, and thus has
a relatively hIgh octane value ThIS process also produces a sIgmficant amount of
ltght olefins (propene and butenes) These can be used In subsequent process
umts to produce hIgh-octane specIes such as alkylate and ethers FIgure 8 shows a
process dIagram for a typICal deep converSIOn refinery

4 ["0., p-:- '74 ( r~
I L _!.

....-- fj t:::""'" .... r -. f t::1

~..._J L..... t t ;r l

Figure 8 Process Diagram Of A Deep Conversion Refinery
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Hydrocrackzng, a related process, IS cattled out m the presence of excess hydro
gen, and thus tends to produce less m the way of unsaturated aromatlcs and
olefins ThIs process IS becommg mcreasmgly popular, however, because 1t

produces very hIgh-grade, low-sulfur dIesel and Jet fuels The gasolIne-range
product produced by the hydrocracker IS often further processed by catalytIc
reformmg to mcrease ItS octane ratmg

The reSIduum left after the vacuum dlstlllatIon ofcrude OllIS a heavy, tarry
substance that must be heated m order to be pumped, and whICh contams much
of the sulfur and metallIc contammants found m the crude 011 ThIS reSIdual od
can be used as fuel m power plants and manne vessels As envIronmental concerns
have shifted fuel demand for electnc generatIon from 011 to low-sulfur natural gas
for power generatlon, however, an mcreasmg number of refinenes have adopted
"deep conversIOn" technIques such as thermal crackmg or cokmg to crack thIS
reSIdual matenal as well

242 Prmclpal Process Streams Used In GasolIne
In a modern refinery, a number of process streams are blended together to form
the gasolme "pool" Table 3 lIsts some of these, along WIth the correspondmg
octane numbers In the SImplest case, a toppmg refinery, the gasolIne pool
compnses lIght naphtha, heavy naphtha, and enough butane to bnng the vapor
pressure of the resultmg product up to speclficatlon In a hydrosktmmmg
refinery, the heavy naphtha IS sent to the catalytIC reformer, producmg reformate
to be blended mto the gasolme pool WIthm some ltmlts, the octane value of the
reformate can be vaned by mcreasmg or decreasmg the seventy of reformmg
More severe reformmg gIves a hIgher octane ratlng, but a lower gasolIne yIeld
Table 4 shows tyPICal feed and product composltlon for a catalytIC reformer
Catalyst manufacturers are contmually workmg to Improve the effiCIency and
octane yIelds ofcatalytIC reformers

Table 3 Typical Octane Values For Some Process
Streams Used In Gasoline Blending

Blending Component RON MON

Butane 93 92
Straight run light naphtha 66 62
Straight run heavy naphtha 62 59
CatalytiC reformate 94-100 84-88
Alkylate 97 96
Pen hex Isomerate 84-89 8187
Cat cracked gasoline 92 77
Coker gasoline 85 77
Light hydrocrackate 75 74
Heavy hydrocrackate 79 76

Sources Leffler (1984) Meyers (1996)
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Table 4 Typical Feed and Product Composition
for a Catalytic Reformer

0/0 Volume

HydrocarbonType Feed Product

Paraffms 50 35
Olefms 0 0
Naphthenes 40 10
Aromatics 10 55

Source Leffler(1984)

LIght straIght-run naphtha mcludes a large percentage ofn-pentane and n-hexane,
compounds WIth very low octane values The octane value of thIS stream can be
raIsed consIderably by processmg It m a pentane-hexane IsomenzatIon umt to
convert these straIght-chaIn paraffins to theIr branched-cham eqUIvalents The
resultIng Isomerate can vary from 84 to 89 RON, dependmg on the process
configuratIOn

Gasolme-range hydrocarbons from catalytIC or thermal crackmg (cokIng) are nch
m aromatICs, naphthenes, and olefins, and thus have relatIvely hIgh RON values
The gasolme-range products ofhydrocrackmg are much lower m aromatIcs and
olefins, and thus have lower RON, but good MON, values

CatalytIc crackIng and deep converSIOn processes also produce sIgmficant
quantltles ofltght olefins such as butenes and propene In a process called
alkylatIon, these compounds are reacted WIth ISObutane to form Isoparaffins
contaImng seven or eIght carbon atoms The resultmg alkylate has an extremely
hIgh RON and MON, makIng It very valuable m meetmg octane specIficatIons
Isobutene and Isoamylene can also be reacted WIth methanol m an ethenficatIon
umt to form MTBE and TAME (tertIary amyl methyl ether), respectIvely

Unltke olefins and aromatIc compounds, the Isoparaffins m alkylate and
Isomerate are not consIdered hIghly toXIC or carcmogemc, and have low reaCtIVIty
m the formatIon ofphotochemICal smog Thus, these compounds are especIally
desIrable for producmg cleaner-burnmg "reformulated" gasolme

243 Examples OfRefinery Upgrades To Produce Unleaded Gasolme
The worldwIde demand for petroleum products has shIfted strongly toward
unleaded gasolme and low-sulfur, hlgh-cetane dIesel fuel, and away from "black"
products such as heavy fuel oIl In response, many refinenes are mstallmg
addltlonal process umts to upgrade the clear octane ratIng ofgasolme m order to

do WIthout lead, and to convert an mcreasmg fractIon oflow-value resIdual oIl
mto hIgh-value products such as gasolme and dIesel

Slovak Republtc The upgrade of the Slovnaft refinery m the Slovak Republtc
over the last decade (LoveI, 1997) IS a typIcal example of the upgradmg process
Ongmally configured as a hydrosktmmmg refinery, the Slovnaft refinery was
upgraded m several stages The first stage was to mcrease the seventy of catalytIc
reformmg, makIng possIble a reductIon m gasolme lead content from 0 7 to 0 4
grams per ltter Blendmg MTBE and adJustmg the dIstIllatIon process made It
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possIble to reduce lead further to 0 25 gram per gallon In the second stage, a
hydrocracker was added to convert part of the crude resIdue to gasoline and
dIesel fuel stocks Reforming the hydrocracked gasoline stream made It possIble
to reduce the lead content of96 RON fuel to 0 15 g/gallon, and at the same
tIme to Introduce unleaded gasoline at 95 RON In the thIrd stage, an Isomenza
tIon umt was added as well, making It possible to eliminate lead completely
Figure 9 shows how the Slovnaft refinery evolved dunng thiS penod

Figure 9 Evolution Of The Slovnaft Refinery, Slovak Republic
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BrazIl has successfully
blended 22 percent
ethanol In gasoline for
many years, thus com
pletely eltmlnatlng the
use of lead addItives
while reqUIring little In

the way of refinery
process eqUIpment to
Increase gasoline
octane

Russza Many RussIan refinerIes are beIng updated to be able to produce unleaded
gasolIne, both to meet RUSSIan lead phasedown targets and for export The Perm
refinery, opened In 1958 and located In the North Urals regIOn, proVIdes an
example ThIS refinery IS one of the largest In RussIa wIth a crude 011 capacIty of
300,000 barrels per day The first step Implemented was to replace the catalyst In
the largest of the four eXIstIng catalytIC reformers wIth an Improved catalyst
proVIded by UOP ThIS and related operatlonal changes Increased the octane
value of the reformate from 91 to 99 5, whIle nearly doublIng the cycle tlme
between catalyst regeneratIOns Two other catalytlc reformers were subsequently
shIfted to use the new catalyst type (Shuverov et al , 1997) At the same tlme,
the crude dIstlllatlon UnIts were revamped, and a vacuum dIstlllatlon unIt was
Installed to recover addItIOnal heavy gas 011 from the reSIdue from the crude
dIstlllatlon UnIts

The next steps at the Perm refinery WIll Include a hydrocrackmg UnIt to break
down the heavy gas oIl Into lrghter products m the gasolme and dIesel fuel
ranges, revamp the eXIstmg catalytIC crackmg UnIt, make further upgrades to the
catalytIC reformers, and mstall a dI-Isopropyl ether plant The cost of these
changes IS estlmated at US $340 mIllron (Rudm 1998) A later set of upgrades IS
planned to mclude another hydrocracker for the vacuum dIStlllatIOn reSIdue and
an alkylatlon umt to mcrease gasolme octane capacIty These and related changes
are expect to cost $290 millron

Another RUSSIan refinery gomg through the upgradmg process IS Sibneft's Omsk
refinery m Sibena ThiS refinery IS mcreasmg octane capaCIty by constructmg a
sulfurIC aCid alkylatIOn umt with 8,600 barrels per day capaCIty, and a
semlregeneratlve catalytic reformmg unit capable ofprocessmg 25,000 barrels per
day The project IS estlmated to cost $55 millron, and Will be completed m 2000

Perszan Gulf Many refinerIes m the Persian Gulf are also bemg upgraded to meet
market demands for unleaded gasolme and lower fuel 011 productIOn A good
example IS the Sma refinery m Bahram The refinery plans to cut fuel 011 produc
tlon by more that half, from 26-27 percent of total product output to 10-12
percent, while mcreasmg gasolme productIOn by the same amount The proposed
upgrade mcludes replacmg four atmospherIc dIstlllatlon UnIts WIth a smgle
15,000 barrel per day unIt, a 7,500 barrel per day LPG recovery unIt, an 18,000
barrel per day catalytic reformer, a 750 barrel per day MTBE UnIt, and a 4,600
barrel per day alkylatIOn umt The project IS expected to cost about $600
millron

2 5 Oxygenates As Gasolme Blendmg Components
Several oxygenated compounds are commonly used as hIgh-octane blendmg
components for gasolme They mclude methyl tertlary butyl ether (MTBE),
tertIary amyl methyl ether (TAME), dI-isOpropyl ether (DIPE), and ethanol
(ethyl or gram alcohol) Of these, MTBE and ethanol account for by far the
largest shares MTBE IS tYpICally blended WIth gasolme at levels up to 15 percent
by volume, whIle ethanol IS blended up to 10 percent by volume m the Umted
States BrazIl has successfully blended 22 percent ethanol m gasolme for many
years, thus completely elimmatmg the use oflead addItlves whIle reqUIrlng lIttle
In the way of refinery process eqUIpment to mcrease gasolme octane
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In the past, methanol (methyl or wood alcohol) was also blended wIth gasolllle to
some extent, combllled wIth ternary butyl alcohol as a cosolvent Such use IS no
longer common, however, due to economIC conslderanons

In addltlon to lllcreaslllg octane, the blendmg ofgasolme wIth oxygen-contamlllg
compounds such as ethanol and the ethers helps to reduce carbon monoxIde and
hydrocarbon emlSSlOns from vehIcles USlllg the fuel ThIS effect IS greatest for
vehIcles WIthout emlSSlOn control systems, and relanvely small for modern
vehIcles eqUlpped WIth closed-loop control of the atr-fuel ratlO To take advan
tage of thIS effect, U S speclficanons for reformulated gasolllle reqUlre at least 2
percent oxygen by weIght, and 2 7 percent III WInter months, when CO emls
SlOns tend to be hIghest

As Table 2 shows, the blendmg RON of MTBE IS about 115 to 123 Thus,
blendmg 15 percent MTBE Into gasolme havlllg a base RON of87 WIll result III

a blend WIth RON III the range of 91 to 92 an mcrease of four to five octane
numbers, or the eqUlvalent of 0 1 to 0 15 glitter oflead SImIlarly, the blendmg
octane value for ethanol IS 120 to 135, so that a 1°percent blend of ethanol
WIth 87 RON gasolme WIll gIve a RON of 90 to 92 for the blend

At current pnces, MTBE IS conSIderably cheaper than ethanol Most of the
reformulated gasolme sold m the Ulllted States thus contams MTBE, except
where state tax subSIdIes encourage ethanol blendmg MTBE IS also very WIdely
blended mto gasolme III MeXlco, Egypt, Thatland, Argentllla, and other coun
tnes MTBE use has recently become controverslallll the Ulllted States, how
ever, due to concerns over ground and surface water contammanon

2 5 1 Sources, Supply Volumes, And Pnces
MTBE IS produced by reactlllg ISObutene (2 methyl propene) and methanollll
the presence of a catalyst The Isobutene may be obtamed from a refinery, but
more commonly IS produced III a stand-alone plant by the dehydrogenanon of
Isobutane extracted from natural gas Methanol, the other feedstock, IS usually
produced by the parnal oXldatlOn ofmethane from natural gas Methanol can
also be reacted WIth Isoamylene (2 methyl butene) to produce TAME, and
ethanol can be reacted WIth Isobutene to produce ETBE usmg the same process
unIt, thus provldlllg some fleXlbtllty m feedstock selectlOn (Meyers, 1996)

Due to the worldWIde phaseout ofleaded gasolllle and the mcreasmg demand for
clean-burnmg "reformulated" gasolllle, demand and productIOn capaCIty for
MTBE and other ethers have been growlllg rapIdly over the last two decades In
1997, there were 172 MTBE plants III operanon worldWIde, WIth a total
productlOn capaCIty of 502,000 barrels per day (80,000 m 3/day), and 20 TAME
plants WIth a combllled capaCIty of46,000 barrels per day (7,300 m 3/day)
(Saunders, 1997) Another 76 oxygenate plants were planned or under construc
non at that nme If all of these plants were completed, they would add another
337,000 barrels per day to world MTBE capaCIty by 2000, sIglllficantlyexceed
mg the projected demand of582,000 barrels per day

Market pnces for MTBE and methanol have hlstoncally been hIghly volanle, due
to a combmatlOn oflow short-term elasnclty ofsupply and unpredtetable
fluctuanons m demand For example, September 1998 MTBE pnces ofUS $215
to $230 per metrte ton were 25 percent less than those prevatlmg one year
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earlIer, and more than 40 percent below the peak pnces of over $355 per ton
reached m 1992 and 1994 The pnce ofmethanol on the world market has
fluctuated even more dramatically, from around US $0 25/gallon m the early
1980s to $0 60-0 70 m the late 1980s, to as much as $1 80 m 1994, and then to
$0 30 per gallon m summer 1998 The lower pnces reflect the effects ofa glut,
while the hIgher values reflect shortages

Ethanol IS produced pnmanly by the fermentation ofstarch from grams or sugar
from sugar cane Ai> a result, the production of ethanol for fuel IS m dIrect
competmon wIth food production m most countnes The resulting hIgh pnce of
ethanol (rangmg from $1 00 to $160 per gallon m the Umted States m the last
few years) has effectively ruled out Its use m motor fuel except where (as m BrazIl
and the Umted States) It IS heavIly subsIdIzed New developments m the fermen
tatIOn ofcellulosIc bIOmass offer some potential for lower-cost production of
ethanol m the future, but thIS technology has not yet been demonstrated m a
full-scale plant

2 5 2 Impact On VehIcles
Corroszon and materzals compatzbzltty Blends ofMTBE and other ethers m
gasolme have been used successfully for many years m several countries, mcludmg
the Umted States No problems WIth matenals compatibIlity or corrosIOn have
been IdentIfied m eIther the vehIcle or fuel dlstnbutIon system There have been
some reports ofcorrosIOn problems with alcohol blends (Owen and Coley,
1995) However, analyses of the avaIlable data by EPA (1985) mdlCate that
alcohol mIxtures dId not result m corrosIOn or damage to fuel system elastomers
when the base gasolmes were blended properly and tyPICal corrosIOn mhibItors
were used In practice, the wIdespread addmon ofethanol to gasolme has not
created sIgmficant problems m the Umted States or Brazil

Leaner atr-fuel mzxtures Unless the fuel system IS adjusted to compensate for the
oxygen content, the use ofoxygenate/gasolme blends results m a somewhat leaner
mIxture than would result from an all-hydrocarbon fuel ThIS IS the major source
of the emISSIon reductIOns expenenced WIth the use ofoxygenates, and usually
presents no performance problems Ifa vehIcle were adjusted WIth the aIr-fuel
ratio already near the lean limit, however, the addmonal enleanment due to the
oxygenate could cause performance problems

Fuelandenergy consumptzon Because oxygenated gasolmes contam less energy
per unit volume than gasolmes WIthOut oxygen, the volumetnc fuel consumption
(liters per 100 km) may mcrease by a few percent usmg oxygenated fuel SpecIfic
energy consumptIOn usually Improves slightly, however, due to the overall leaner
mIxture

2 5 3 Impact On Pollutant EmIssIOns
Carbon monoxule and hydrocarbons Ai>summg no change m the settings of the
fuel metenng system the addmon ofoxygenates to gasoline will result m a leaner
aIr-fuel mIxture, thus helpmg to reduce exhaust CO and HC emISSIOns ThIS
approach has been made mandatory m a number oflocalitIes suffenng from hIgh
wmtertlme CO emISSIOns (CO emISSIOns are hIghest at low temperatures, with
low traffic speeds, and at hIgh altitude)
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Oxules ofnttrogen Recently a test program that studIed the Impact of ethanol
and MTBE on NO emlSSlOns attracted consIderable attentlon when It stated

x

that, although HC and CO emlSSlOns are reduced by the use ofoxygenates, NO.
emlSSlOns may Increase slightly by the leaner operatlon (see the Auto/OIl Air
QUalIty Improvement Research Program, AQIRP, 1992) EPA studIed thIS Issue
carefully and reached a dIfferent concluslOn from the AQIRP study In developIng
the Agencys own hIghly complex model, EPA concluded that NO. emlSSlOns are
not slgmficantly affected by the addltlon of oxygen to the fuel These data were
based on more than 4,000 IndlVldual vehIcle tests of 1990 technology vehIcles
and on many test programs

Moreover, the use ofoxygenates In a real-world refinIng situatlOn typICally results
In sIgmficant decreases In olefins and sulfur as well as aromatICs, due to both
SImple dliutlOn and to octane conslderatlons ThIS, EPA found, results In
sIgmficant NO. decreases, especIally In vehIcles WIth catalysts

Research results The Auto/OIl Air QUalIty Improvement Research Program
(AQIRP) study In the Umted States tested the effects ofaddIng 10 percent
ethanol (3 5 wt percent oxygen) and 15 percent MTBE (2 7 wt percent
oxygen) to Industry average gasolIne For late-model gasolIne vehIcles WIth three
way catalysts, the ethanol addltlon results showed a net decrease In non-methane
hydrocarbon (NMHC) and CO emISSIons of5 9 percent and 134 percent,
respectlvely, and a net Increase In NOx emiSSlOns of 5 1 percent The MTBE
addltlon results showed net decreases In NMHC and CO of7 0 percent and 93
percent, respectlvely, and a net Increase In NOx emiSSlOns of3 6 percent
(Hochhauser and others, 1991) In tests performed In MexICO CIty, the addltlon
of 5 percent MTBE to leaded gasolIne was found to produce a 14 7 percent
reductlon In CO and an 11 6 percent reductlOn In HC emiSSlOns from non

catalyst gasolIne vehIcles

Mandatmg the use ofoxygenates to reduce emzsstons The State ofColorado
(USA) Inltlated a program to mandate the addltlon ofoxygenates (such as
ethanol and MTBE) to gasolIne In the Denver metropolitan area durIng WInter
months when hIgh ambIent CO tends to occur The mandatory oxygen reqwre
ment for the WInter of 1988 (January to March) was 1 5 percent by weIght,
eqwvalent to about 8 percent MTBE For the follOWIng years, the mInImUm
oxygen content reqUIred was 2 percent by weIght, eqwvalent to 11 percent
MTBE These oxygen reqwrements were estlmated to reduce CO exhaust
emiSSlOns by 24-34 percent In vehIcles already fitted WIth three-way catalyst
systems The success of thIS program led the U S Congress to mandate the use
of oxygenated fuels (mlmmum 2 7 percent oxygen by weIght) In areas WIth
senous WInter-tlme CO problems

Evaporatwe emzsstons Although exhaust HC emiSSlOns tend to be lower WIth
oxygenate blended fuels, the use ofalcohols as blendIng agents may Increase
evaporatlve emiSSlOns consIderably Because oftheIr non-Ideal behavlOr In
solutlon, blends ofethanol or methanol WIth gasolIne have hIgher vapor pressure
than eIther component alone

However, although mass HC emiSSlOns may Increase from a hIgher ReId vapor
pressure (RVP) caused by the use ofethanol, data IndICate that the ozone-caUSIng
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reactiVity of the resulting emisSions IS less, thus resulting In no real ozone
degradation

Effects ofoxygenates The presence ofoxygenates In the fuel changes the hydrocar
bon composltlon of the exhaust and evaporative emISSIOns For gasoline contain
Ing 11 percent MTBE, exhaust MTBE emiSSIOns account for about 2 5 percent
of total exhaust VOC emiSSIOns, and 8 to 10 percent of total evaporative
emiSSIOns (Callforma EPA, 1998) Formaldehyde emISSIOns also tend to Increase
with MTBE, whtle emISSIOns of benzene and 1,3 butadiene are reduced slgmfi
candy The use ofethanol In gasoline Increases ethanol and acetaldehyde emis
SIOns, while also reducing emiSSIOns of benzene and 1,3 butadiene

2 5 4 Impact On Sod, Groundwater, And Surface Waters
Unltke most hydrocarbons, both alcohols and ethers dissolve readIly In water
Thus, where spilled gasoline comes In contact with water, the oxygenate can be
expected to migrate from the gasoline Into the water ThIS presents little problem
In the case of the alcohols, as these have been shown to bIOdegrade fairly rapIdly
In the case ofMTBE and other ethers, however thiS degradation appears to be
slower, If It occurs at aU

Sot! Gasoline containing oxygenates IS no more hazardous than ordinary gasoline
when spilled on or leaked Into sOlI Indeed, because these oxygenates tend to
replace more hazardous compounds such as benzene or TEL, spIlls ofoxygenated
gasoline will generally be less hazardous In addltlon, alcohols In sotl tend to

bIOdegrade rapidly

Groundwater In a number ofcases, leaking underground tanks containing
MTBE-gasoltne blends have resulted In the contamination ofgroundwater With
MTBE Although the level ofhealth nsk posed by thiS contamination appears to

be small, the taste and odor ofMTBE can be detected In water at concentrations
as low as 50 parts per btllton (ppb) The current EPA Dnnkmg Water AdVISOry
level for MTBE IS 20 to 40 ppb, based on the taste and odor thresholds, and a
10,000-fold safety factor below the lowest observed adverse effect level In ammals
(Callforma EPA, 1998)

Suiface waters MTBE contamination ofsurface waters has also been detected on
occasIOn as a result of fuel spills Into the water body The use of two-stroke
gasoline engines In outboard motors and personal watercraft has also contnbuted
to contamination In some cases These engines emit as much as 50 percent of the
total fuel they consume In their exhaust, which IS Injected Into the water So far,
the levels ofsurface water contamination due to thiS source have all been found
to be well below the EPA adVisory levels (Callforma EPA, 1998) However,
concerns about the potential for widespread contamination ofdnnkmg water
sources WIth MTBE have led to calls for the use of MTBE m gasolme to be
banned m Callforma
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2 5 5 Health RIsks AssocIated WIth MTBE
Chromc lnhalatlon studIes In ammals suggest that MTBE may be weakly
carclnogemc, wIth an estimated umt rIsk of7 5 x 10 8 for mouse hver tumors
and 1 7 x 10 7 for rat kidney tumors For comparIson, umt nsk values for
benzene and 1,3 butadIene - two other toXlC au contammants assocIated wIth
gasollne - are 8 3 x 10 6 and 2 8 x 10-4, respectively

An analySIS by the Callforma Au Resources Board found that overall toXiC rIsk
from usmg reformulated gasohne contammg MTBE was reduced by more than
40 percent compared to that to be expected from mdustry-average gasolme
Without MTBE (Califorma EPA, 1998)

2 6 MMT PropertIes And Performance
The only non-lead antiknock addltlve now offered commercially IS
methylcyclopentadtenyl manganese trIcarbonyl (MMT) Its manufacturer recom
mends the use ofMMT concentrations up to 00165 grams ofMn (manganese)
per ltter m gasolme mtended for non-catalyst vehIcles, and half thIS concentration
In gasollne mtended for catalyst cars At the 00165 gram per hter concentration,
It adds about 1 9 octane numbers to gasolme In the Umted States, MMT
concentrations are hmited to 0 00825 gram per hter to protect emiSSiOn cO'ltrol
systems

The use ofMMT as an octane-enhanclng addltlve m gasolme IS controvefSlal,
due to concerns over Its pOSSIble effects on automotive emISSiOn control systems,
and over the tOXlCity of the resultmg manganese emiSSiOns DUrIng the 1980s,
when lead concentrations m U S gasohne were severely hmited, MMT was used
extensively to Improve the octane ratmg ofleaded gasolme MMT was also used
extenSIvely m both leaded and unleaded gasolmes m Canada

MMT was not permItted m unleaded gasolme sold m the Umted States until
1996, when EPA lost a laWSUIt filed by the manufacturer, Ethyl Corporation,
after reJectlng the company's appltcatlon to approve MMT for unleaded gasolme
use EPA's disapproval was due to uncertamty over the potential tOXlC effects of
manganese emISSiOns In itS 1994 rejection of Ethyl's petltlon to approve MMT,
EPA concluded that "Although zt zs notposszble based on thepresent mformatton to
conclude whether specific adverse health effects wzll be assoczated wzth
manganese [exposures resultmgfrom the use ofMMT] nezther zs ztposszble to
conclude that adverse health effects wzll not be assoczated wzth such exposures"5 Auto
manufacturers had also opposed the approval ofMMT, argUlng that it could
Impair the effectiveness ofvehIcle emISSiOn control systems EPA concluded m itS
evaluation, however, that thIS was not the case

WIth the U S court deCISiOn, and another deCiSiOn m Canada overturnmg a ban
on mterproVlnCIal trade m MMT, It can legally be used m unleaded gasolme m
both the Umted States and Canada EPA's admmlstrator has stated, however,
that a defimtlve nsk evaluation IS not pOSSIble until more data are collected, and
that use ofMMT In unleaded gasolme m the Umted States ought to be delayed
untd such data are collected (Browner, 1996) In determmmg the advlsabdity of
MMT use, or the use ofany fuel or fuel addltlve, m any particular country or

s 59 FR 42260 August 17 1994
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2 7 Lead Phaseout StrategIes
Slow vs fastphaseout DIfferent countries have taken dIfferent approaches to

phaSIng out lead In gasolIne, and have pursued very dIfferent schedules The tlme
reqUIred to phase out lead has varIed from perIods of more than 15 years In the
Umted States to a few months In Egypt In general, a slower phaseout ~chedule
wIll reduce the costs of the lead phaseout to the refinIng Industry, and gIve more
time for any old cars that mIght suffer valve seat damage to reme from the fleet
However, It also means that more people are exposed to hIgh lead concentratlons
for a longer time, and thus suffer from the adverse effects of lead on theIr health
(and In the case ofchIldren, theIr mental development) In addltlon, vehIcle
maIntenance costs tend to be hIgher wIth leaded than wIth unleaded gasolIne, so
that continuIng the productlon ofleaded fuel wIll mean hIgher maIntenance
costs

Conszdertng a range ofscenarws Because the costs and benefits of rapId vs slow
lead phaseout wIll vary from one country to another, Implementers should
consIder a range ofphaseout scenariOS, IncludIng very rapId and less rapId
reductIOns In the short term, the feasIble reduction In lead use IS lIkely to be
lImIted by the refimng capacIty avaIlable It may take three to five years to
deSIgn, finance, and upgrade or bUIld the refinery process umts reqUIred to
produce hIgh-octane unleaded blendIng components In the meantime, some of
the octane shortfall may be recovered by ImportIng oxygenates such as MTBE,
hIgh-octane hydrocarbon blendstocks, or unleaded gasolIne

EPA recommends that lead phaseout be accomplIshed as qUICkly as possIble
There are two maIn reasons for thIS FIrSt lead pOISOnIng IS one of the most
Important preventable dIseases assocIated wIth urbamzation Although lead 10

gasolIne represents only 22 percent of total global lead use It remams by far the
sIngle-largest source oflead exposure In urban areas ApproXImately 90 percent
ofall lead emISSIOns mto the atmosphere are due to the use of leaded gasolIne
Second and most Important, some of the health effects assocIated with lead
pOIsomng, such as lowered IQ 10 chIldren, cannot be reversed no matter how
hIgh the future Investment

Managtng the transztton to unleadedgasolme Although It IS sometimes possIble
to elImInate leaded gasolIne overmght, more commonly some transltlon period IS
reqUIred Two approaches have been taken to managIng thIS transltlon One
approach has been to encourage refiners and vehIcle owners to sWItch from leaded
to unleaded fuel, wIthout changmg the lead content ofleaded fuel ThIS approach
has been typICal ofWestern Europe The second approach followed 10 the
Umted States and MeXICO, has been to reduce the lead content of the leaded
gasolIne as qUIckly as possIble, whIle proVIdIng enough completely unleaded
gasolme to meet the needs ofvehIcles eqUIpped wIth catalytIc converters ThIS
second approach (reducmg the lead content ofleaded fuel Instead ofshIftIng from
leaded to completely unleaded fuel) has several advantages, and IS recommended
In most cases

• Lower total lead emzsszons As dIscussed 10 Section 22, the octane-Improvmg
effects oflead are not a lInear function oflead concentration The first 0 1 g/
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liter oflead addmve gIves the largest octane boost, wIth subsequent Increases
In lead concentratIOn gIVing progressIvely smaller returns

• Refinmg costs Reducing the lead content In leaded gasoline reduces the
dIfference In refimng costs between leaded and unleaded gasolInes ThIs, In
turn, makes it eaSier to adopt a policy taxmg gasoline so as to set the pump
pnce of unleaded gasoline lower than that of leaded gasoline ThIs policy is
conSidered important to mimmiZIng the chances ofmisfueling catalyst
eqUIpped cars With leaded gasoline

• Improvedpubltcperceptton Another advantage ofthIs approach is In the area
ofpublic relations ThIS is because no changes are reqUIred In consumer
behaVIOr, and the change In lead concentratIon IS not vlSlble at the gasoline
pump Since only a tinY amount oflead IS reqUIred to prevent valve seat
receSSIOn even In extreme cases, a change In lead concentration even to very
low levels IS unlikely to worry the public For example, EPNs deCISIOn to
limIt lead to 0 1 g/gal (0 03 gil) In 1986 reduced ambIent lead
concentratIons by 90 percent, but was little noticed by the gasoline-buYing
public

Ofcourse, all countnes should move to eliminate leaded gasoline entIrely, and as
qUIckly possIble ThiS is most readIly accomplished by leaVing the change from
leaded to unleaded for the end of the phase-out process, when there has been
more opportumty to educate the public and when the elimination ofmost of the
economIc benefits from the use oflead wIll have reduced the motIvation for vested
Interests to spread mISinformatIon

An example ofnear- and longer-term leadphaseout Table 5 shows a SImplified
example ofhow octane reqUIrements could be met whIle phasing out the use of
lead addmves The example assumes that the eXISting gasoline market comprISes
equal shares of85 RON leaded regular and 93 RON leaded premIUm gasoline,
produced In a mIX of tOpping and hydrosktmmIng refinenes As the "eXIsting
SItuatIOn" column shows, the regular gasoline IS blended from a combination of
straight-run naphtha and butane, WIth a "clear" RON (before the addmon of
lead) of73 2 Adding 07 grams oflead per liter raises the octane rating by 12
numbers, to slightly more than 85 RON The leaded premIUm gasoline IS
blended from a combination ofstraight-run gasoline, reformate, and butane,
WIth a clear RON of 83 6 Adding 0 7 grams oflead per liter raises the RON by
10 numbers, to 93 6 The dIfference of two octane numbers between the octane
boost from lead In the premIUm gasoline, compared to that produced by the
same amount oflead In the lower-octane regular gasoline, IS due to the reduced
lead susceptibIlIty ofaromatics and naphthenes In the reformate

The second, near-term column shows how the total lead In gasoline mIght be
reduced Within a relatIvely short penod In thiS example, the base regular gasoline
IS blended from the same components as before, but With the addmon of9
percent by volume ofImported hIgh-octane (97 RON) hydrocarbon compo
nents These could be eIther alkylate or aromatICS, or a combinatIon ofboth
(although alkylate would be preferred In order to minImIZe benzene emiSSIOns),
and Increase the octane value of the clear gasoline by 2 3 numbers The resulting
clear gasoline IS then blended WIth 15 percent MTBE (contnbutIng 71 octane
numbers) The remaining shortfall of2 5 octane numbers IS made up by blending
o1 gram oflead per liter, takIng advantage of the non-linear relationshIp be
tween lead and octane boost
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In the hypothetical premIUm gasolme, the lead has been ellmmated entirely, thus
makmg It compatible with vehIcles usmg catalytic converters ThIs IS achieved by
upgradmg the reformer catalyst and mcreasmg reformer seventy to produce
reformate of 100 RON mstead of 94 In addltlon, 6 percent of Imported hIgh
octane blendstock IS substituted for straIght-tun gasolme, mcreasmg the octane
value by 1 5 number Fmally, the gasolme IS blended wIth 15 percent MTBE,
addmg 53 octane numbers

In the longer term, new refinery process UnIts could be bUIlt to supply the
addltlonal octane reqUIred, thus eltmmatmg the need to Import MTBE and
high-octane blendstocks, as well as the remammg lead m the regular gasolme The
third column m Table 5 shows the result ofaddmg more catalytIc reformmg
capaCIty, together With Isomenzatlon and alkylation UnIts

While highly slmpltfied, thIs example shows the potential to reduce lead emis
sions substantIally even m the relatively near term, before new refinery process
UnIts could be brought on-Ime The resulting costs for MTBE and hIgh-octane
blendstocks are ltkely to be SignIficant As further discussed m Chapter 6, these
costs should be weIghed agamst the health and other benefits of reducmg lead
emISSIons more qUIckly

A slmpltfied example ofa cost calculation IS given m Table 6 ThiS calculation IS
based on the same hypothetical case as that above, and uses world market pnces
current as of September 1998 The estimated economIC cost ofgasolme IS based
on the spot-market pnce of91 octane unleaded regular gasolme m September
1998 ThIS pnce was US $0 385 per gallon ($0 102 per ltter) at the refinery
(Note that retaIl gasolme pnces are much hIgher, due to the costs of dlstnbutlOn
and marketmg, and taxes These costs would not change wIth the change to

unleaded gasolme, and are thus omitted from the calculatIOn) The gasolme value
was adjusted for diffenng octane qualltles, usmg a margmal cost per octane-barrel
of US $0 33 ($0 002 per octane-ltter) ThIS value reflects spot-market pnce
dIfferences for dlffenng gasolme grades A smgle margmal cost per octane barrel
oversImpltfies the actual economICS of refinmg, but serves for thiS slmpltfied
example

For the Imported hIgh-octane components, It was assumed that the cost would
be US $0 004 per octane-lIter (double that for domestIC refinmg), reflectmg both
a scarcity premIUm and transportation costs ThiS very conservative assumptIOn
would bnng the cost of the 97 RON Imported components to US $ 138 per
ltter The cost ofMTBE assumed m the calculation IS equal to the spot market
pnce plus 10 percent for transportation and blendmg The cost oflead IS given m
the recent study by Abt (1996)
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Table 5 Example Of Meeting Octane
ReqUirements With Reduced Use Of Lead

Blending EXisting 6 months 3to5years
Octane Situation (NearTerm) (LongTerm)

Regular Gasoline (85 RON) Blending Components

StraIght run naphtha 71 90% 81% 35%
Cat cracked gasoline 92 0% 0% 15%
n Butane 93 10% 10% 10%
Reformate 94 35%
Isomerate 88 5%
Alkylate 97
HIgh octane Imports 97 9%
Total 100% 100% 100%

Base gasoline RON 732 755 853
Leadg/I 07 01 0
RON Increase due to lead 12 25 0
MTBE blending 0% 15% 0%
Octane Increase due to MTBE 0 71 0
FmalRON 852 852 853

Premium Gasoline (93 RON) Blending Components

StraIght run 71 45% 39% 10%
n Butane 93 10% 10% 5%
Reformate 94 45%
Reformate 100 45% 50%
Isomerate 88 25%
Alkylate 97 10%

HIgh octame Imports 97 6%

Total 100% 100% 100%

Base gasoline RON 836 878 935

Leadg/I 07 0 0

RON Increase due to lead 10 0 0

MTBE blending 0% 15% 0%

Octane Increase due to MTBE 53 0

Final RON 936 931 935
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Table 6 Costs Of Phasing Out Lead In Gasoline -
Hypothetical Case

Contribution of Gasoline Cost

1998
Prices Existmg NearTerm Long Term

Regular Gasoline 85 RON

Gasoline 73 RON $/hter $0066 $0066 $0056
Gasoline 85 RON $/hter $0090 $0090
MTBE $/hter $0183 $0027
TEL $/gram Pb $0021 $0015 $0002
High octane Imports $/hter $0138 $0011
Total Cost $0080 $0096 $0090
Increase US$/hter $0015 $0009

PremIum Gasolme 93 RON

Gasohne 84 RON $/iiter $0088 $0088
Gasoline 87 RON $/hter $0094 $0080
Gasoline 93 RON $/hter $0106 $0106
MTBE $/hter $0183 $0027
TEL $/gram Pb $0021 $0015
High octane Imports $/iiter $0138 $0007
Total Cost $0102 $0114 $0106
Increase US$/hter $0012 $0003
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3. ASSESSING LEAD PHASEOUT
IMPACTS ON THE VEHICLE FLEET

Usmg lead addItIves m gasolme has many effects on a vehIcle's engme, m addltlon
to ItS effects on fuel octane level Most of these effects are undesIrable, mcludmg
the corrOSIOn of exhaust valve materIals, the contammatIon ofengme 011 WIth
corrosIve aCIds, the foulmg ofspark plugs, and the corrosIOn of exhaust systems

Gasolme lead does have one deSIrable effect, however It serves as a lubrIcant
between exhaust valves and then seats, helpmg to prevent exceSSIve wear In the
absence oflead, older-technology engmes can suffer from the rapId wear of the
exhaust valve seats when operated at hIgh speed for long perIods of tIme ThIS
phenomenon, known as valve seat recesszon, has been the subject ofconsIderable
mIsmformatIon and publIc concern, whIch m turn poses a serIOUS obstacle to
elImmatIng leaded gasolIne m many countrIes However, detaIled studIes and
extensIve practical experIence m a number ofcountrIes show that the potentIal
problems due to valve seat receSSIOn have been hIghly exaggerated and that use of
low-lead or unleaded gasolme wIll result m longer engIne lIfe and lower mainte
nance costs overall

ThIS chapter first deSCrIbes the reasons underlYIng EPA's findmg
that the maintenance costs for vehIcles USIng unleaded gasolme
are less than those for vehIcles usmg leaded gasolIne

ThIS conclusIOn has been supported by actual experIence In
countrIes usmg unleaded gasolIne In the United States, several
studIes coverIng thousands ofvehIcles found no maintenance
problems that could be attrIbuted to the effects ofunleaded
gasolIne LIkewIse, BrazIl has not experIenced such problems as
valve seat receSSIOn, whIch have been commonly attrIbuted to
the use ofunleaded gasolme

Last, the chapter shows how to calculate the maIntenance cost
savmgs resultIng from the use oHow-lead and unleaded gasolme
The results show that, for typIcal maIntenance costs, USIng low
lead gasolme would result m saVIngs ofabout US $550 over the
lIfe ofa car, the total saVIngs for unleaded fuel would be about
$800
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The Steps In Assessing Lead Phaseout Impacts
On The Vehicle Fleet

1 Assess maintenance benefits of unleaded gasoline
To assess the benefits of reducmg or ellmmatmg lead In gasoline for
the vehIcle fleet Implementers should quantify the frequency of
occurrence and the costs of maintenance Items such as spark plug
changes, all changes, valve repairs, valve seat repairs, and exhaust
system replacements The savings In mamtenance costs due to
lead phaseout can then be estimated uSing the mformatlon provided
In Section 3 4

2 Assess potential for valve seat damage
The Implementer should also assess the potential for some engines
to suffer valve seat damage

3 Assess potential valve seat protection strategies
Next Implementers should assess the costs of potential valve seat
protection strategies If these are Indicated (See Section 3 1 1 for
some ways to protect valve seats)

4 Evaluate net costs and savings for the vehicle fleet
The resulting net benefits or costs should then be calculated as
functions of time for each of the lead phaseout strategies consId
ered, In order to compare them with the other costs and benefits

3 1 Lead's Role In The Engme
DUrIng the l%Os and 1970s, many techmcal papers dIscussed the effects of lead
addmves and unleaded fuels on engIlles Weaver (1986) revIewed the literature
through 1984, as well as a number of unpublIshed results of fleet experIence
USIllg unleaded gasolllle The results of hIS reVIew were cIted III the EPA's 1985
cost-benefit study oflead phaseout, and provIded the techmcal basIS for ItS
conclUSIOn that the vehIcle maIlltenance savIllgs would outweIgh the costs The
remaIllder of thIS sectIOn summarIzes the results of that study

3 1 1 Valve Seat ReceSSIOn

The exhaust valves and valve seats of modern gasolllle engIlles operate at hIgh
temperatures and under great mechamcal stresses When It closes, the valve
strlkes the seat wIth great force thousands of times per mIllute Under hIgh-speed
and hIgh-power output condmons, small "warts" of Iron oXide may form on the
valve ThIS results from segments of the valve seat weldIllg to the valve upon
Impact, and then beIllg torn loose when the valve opens When these "warts"
repeatedly strIke agaIllst the valve seat, It l-auses deformation, crackIllg, and
flakIllg of the seat, whIle the presence ofhard Iron OXIde partIcles beIllg scrubbed
across the valve face causes abraSIve wear The resultlllg rapId wear of the valve
seat can lead to a loss of compreSSIOn and reqUIre major repairs to the engIlle III

less than 10,000 km

The presence oflead deposIts on the valve seat appears to prevent the Illltlal
adheSIOn and weldIllg that leads to valve seat receSSIOn Only a small amount of
lead IS reqUIred to provIde thIS protection 0 02 grams per lIter has been found
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to be effective III laboratory tests A sImIlar protective effect IS obtamed from
deposits ofother elements such as manganese (from MMT), phosphorus, ZlllC,
and calcIUm (from engllle oIl) Valve seat receSSlOn can also be prevented by heat
treating the valve seat area to harden It, or by uSlllg valve seat lllserts made of
hard matenal A hardness ofapproXImately 30 on the Rockwell C scale IS
adequate to prevent valve seat receSSIOn

Nearly all gasolllle engllles and replacement eyllllder heads now produced III the
world have hardened valve seats, and thus are not subject to valve seat receSSlOn
ThIs applIes generally to U S vehIcles made after 1970, and European vehlCles
beglllnlllg III the early 1980s Some older engllles stIlllll servIce may have soft
valve seats, however, and could potentially expenence valve seat receSSIOn

Although valve seat receSSlOn can readIly be produced III the engllle laboratory,
practlCal expenellce and a number ofspeCIfic studIes have shown that It IS very
uncommon III actual use ThIS IS apparently because few gasolllle vehIcles (espe
CIally old ones) expenence long penods of unInterrupted operation at hIgh speeds
and loads There appears to be a threshold effect - a certain penod ofhIgh
speed operation is reqUlred to wear through the deposit layer on the valve seat
before receSSlOn can beglll Interruptlllg this penod ofhigh-speed operatIon With
penods oflIghter use may allow the deposit layer to re-form, proionglllg engllle
lIfe

McArragher et al (1993) revIewed a number oflater studies and assessed the
potential for valve seat receSSlOn due to lead phaseout III Europe Like the EPA
study, McArragher and hiS colleagues concluded that valve seat receSSlOn was
lIkely only where vulnerable engllles were subject to prolongeCl hIgh-speed
operation They noted, however, that thIs was more likely III Europe, due to the
smaller engllles common there and the high speeds reached on autobahns and
SImIlar motorways They also concluded that a mInImUm of 0 05 gllIter oflead
would prOVIde complete protection to the most vulnerable engllles, even under
the most extreme condmons A potassIUm addItive was found that gave com
plete valve seat protectIOn at hIgh concentrations and good protection at lower
concentratlOns

The McArragher team projected the fraction ofSUrvlVlllg cars III Europe with
soft seat valves potentially vulnerable to receSSlOn This percentage was projected
to drop from around 40 percent III 1990 to less than 20 percent by 1997 They
pOlllted out as well that many of the "soft' seats were actually hard enough to be
unlikely to suffer valve seat receSSlOn except under extreme condmons, so that
the number ofvehIcles actually vulnerable to valve seat receSSlOn would be even
less than what they projected

In the mlllonty of vehicles that expenence valve seat receSSlOn, the problem can
be corrected and kept from recurnng ThiS is done either by replaclllg the
eyllllder head With a new one havlllg hardened valve seats, or by machllllllg out
the valve seats III the old eyllllder head and replaclllg them With hardened lllserts
The cost of thIS operation IS about US $500 III the UnIted States, and IS ex
pected to be consIderably less III most developlllg countnes, whIch have lower
labor costs
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Studies carned out for
EPA found that uSing
unleaded gasoline
greatly reduces the
number of valve
related repaIrs needed,
more than offsetting
any Increase In repairs
due to valve seat
recession

Unleaded gasoline can
extend engine life by
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and the corrosIve wear
of pIston rings and
cylinder walls

Cars uSing leaded
gasoline need spark
plug replacements
tWice as often as those
running on unleaded
gasoline

3 1 2 Valve CorrosIOn And Guttermg
Although lead deposIts protect valve seats from accelerated wear, they can reduce
the lIfe ofexhaust valves At hIgh temperatures, the lead oXIde layer on the seat
can attack the protectlve oXIde layer on the valve, causmg corrosIOn ThIs
weakens the metal and can eventually cause "guttenng' - the formatIOn ofa
channel on the valve surface Hot combustlon gases escapmg through thIs
channel rapIdly enlarge It, causIng the valve to farl A SImIlar effect can occur
when lead depOSIts burld up too thIckly on the valve seat When these depOSIts
flake, they can create a path for hot gases past the valve face

Measures to prevent lead depOSIt bUIldup were deSIgned mto engInes Intended
for use WIth leaded gasolIne These Include the use ofvalve rotators, greater
spnng loadmgs, and steeper valve seat angles U S expenence and a number of
fleet studIes have shown that the use of unleaded gasolIne greatly reduces the
number ofvalve-related repairs needed, more than offsettmg any mcrease m
repairs due to valve seat recessIOn

3 1 3 Od Changes And Engme Life
Before unleaded gasolIne was used, engIne rustIng was an Important and wIdely
studIed problem To prevent the excess bUildup oflead depOSIts, leaded gasohne
mcludes ethylene dlchlonde and ethylene dlbromlde to serve as "scavengers" The
bromIne and chlonne atoms Introduced to the combustlon chamber combIne
WIth the lead, formIng compounds that are more easrly removed Unfortunately,
chlonne and bromIne also form corrosIve hydrocWonc and hydrobromIC aCids.
respectlvely Some of these aCIds get mto the engIne oIl, where they wIll readtly
combIne WIth any water that may be present to cause mternal corrOSiOn and rust

To delay thIS phenomenon, engme orls contain special basiC additiVes that react
WIth the aCIds to neutralize them SInce the reactlon consumes the addmves, the
011 must be changed at mtervals to supply fresh addmve Reducmg the lead
content of the fuel reduces the corrosive burden on the lubncatlng oIl, and allows
orl change mtervals to be extended

The lead scavengers used WIth leaded gasolme also contnbute to corrosive wear
mSlde the cylmder, especially wear of the piston nngs For example, taxi studies
m the 1970s showed that corrosive wear of the piston nngs and cylmder walls
was 70 to 150 percent greater With leaded than unleaded fuel (Careyet al , 1978,
Gergel and Sheahan, 1976) SWItchIng to unleaded gasolme can thus be expected
to extend engme hfe slgmficantly

3 1 4 Spark Plug Foulmg And Replacement Frequency
Lead depOSIts can foul spark plugs and contnbute to chemICal corrosIOn The
spark plugs used WIth leaded gasolme can suffer senous corrOSIon and reqUIre
replacement generally WIthIn 20,000 km, whrle those used WIth unleaded fuel can
go 40,000 km or more WIthout replacement As a result, the costs for spark plug
replacement and servICIng are much lower for vehIcles usmg unleaded fuel A
study m Canada (Hlcklmg Partners, 1981) concluded that spark plug mamte
nance costs would be reduced by about 49 percent WIth unleaded fuel
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3 1 5 Exhaust System Corrosion
Vehicle exhaust systems can corrode from both the Inside and the outside From
the Inside, the pnmary corrosion process IS cold corrosIOn, which occurs when
water condenses Inside the exhaust system Where leaded gasolIne IS used, thiS
water IS contamInated With hydrochlonc and hydrobromic aCids Exhaust gas
condensates In engInes burmng leaded gasolIne typically have pH values m the
range of2 2 to 2 6, whICh IS highly corrosive The pH values of unleaded
gasolme condensates are around 3 5 to 4 2
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Fleet tests comparmg leaded and unleaded fuel show that vehicles usmg leaded
gasolme reqUIre four to ten times as many replacements ofexhaust system
components In warm clImates, where road salt IS not used, exhaust systems used
With unleaded gasolme can be expected to last the lIfe of the vehicle, while those
used WIth leaded fuel reqUIre replacement about every 50,000 km

3 2 U S Fleet Expenence
As the precedmg review has shown, the use of unleaded gasolme offers many
advantages m terms ofvehicle life and maIntenance costs However, these
advantages are counterbalanced by a potential major disadvantage m engmes not
eqUIpped With hardened valve seats valve seat recessIOn For thiS reason,
proposals to elimmate leaded gasolIne have caused public concern

The likelihood that valve seat recessIOn Will occur, and the consequences If It
does occur, have often been exaggerated The great body ofm-use expenence
With unleaded gasolme, mcludmg ItS Widespread use m vehicles Without hardened
valve seats, shows that the likelihood ofvalve seat damage due to unleaded fuel
use IS very small, whIle the overall saVIngs In maIntenance costs are generally
substantial

A number of controlled fleet studies were carned out m the 1960s to compare
maIntenance costs ofvehicles runmng on leaded and urueaded gasolme A study
financed by Ethyl Corporation, a major lead addltlve supplier, showed that over
as-year penod, 4 our of64 vehicles usmg unleaded gasolme reqUIred cylmder
head replacement (I vehicle reqUIred 2 replacements), compared to lout of64
vehicles usmg leaded gasolme (Wmtnngham et al , 1972) However, the un
leaded gasolme group reqUIred only 6 valve repairs, compared to 16 among the
vehicles usmg leaded gasolme Other studies conducted In the same time penod
showed that overall maintenance costs were lower With unleaded than leaded
gasolme

Engmes m heavy-duty gasolme vehicles are more likely to undergo severe service
than those m passenger cars, and thus might be expected to show an mcreased
mCldence ofvalve seat recessIOn ThiS has not been the case, however A major
test conducted by the U S Army mvolved SWitchIng all of the vehicle fleets of
three army posts to unleaded gasolme ThiS mcluded some 7,600 vehicles (some
dating from the 1940s), as well as many Items of power eqUIpment The results
of thiS test were defimtlvely negative no untoward maintenance problems were
expenenced that could be attnbuted to the effects ofunleaded gasolme The U S
Army subsequently converted ItS entIre establishment to unleaded gasolme
Without III effects
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Analyses of 42 months of maIntenance data for heavy-duty gasolme trucks
used by the US Postal ServIce (dunng whICh the trucks averaged 280,000
kilometers of service) showed that 4 2 percent of the trucks suffered valve
fallures and 1 2 percent suffered valve seat faIlures dunng that penod
(Weaver et al, 1986) The valve seat faIlure rate was comparable to that
expected when usmg leaded gasolme, whIle the valve faIlure rate was sIgmfi
cantly lower Expenence m numerous public utIlIty truck fleets dunng the
1970s also showed no mcrease m valve- or valve seat-related problems WIth
the use of unleaded fuel

3 3 WorldWlde In-Use Expenence
In recent years, the use of leaded gasolme has been elimmated m a number of
developmg countrIes, mcludmg Brazll, ColombIa, Egypt, Thalland, Guatemala,
Costa Rica and Argentma Increased seat valve problems have not been observed
m any of these countnes

The case of BrazIl IS espeCIally Important, gIven the SIze of ItS vehIcle fleet With
the mclusIOn of22 percent ethanol by volume m gasolme as part of the Proalcool
program, lead addmves were no longer needed, and Brazll began elimmatIng
gasolme lead m 1979 It completed ItS lead phase-out m 1991 (FalZ et al , 1996)
DespIte the presence oflarge numbers ofvehIcles With soft valve seats, no
slgmficant or Widespread problems have been expenenced WIth valve seat reces
SIOn

3 4 MonetIzmg Mamtenance Costs And SaVings
An evaluatIon of the costs and benefits of phasmg out lead m gasolme should
mclude an estImate of the mamtenance savmgs to vehicle owners Table 7 shows
a hypothetIcal example ofsuch a calculatIon The assumptIons used m this
example are outlmed below

Spark plug life Here, the assumptIons were that

• The vehicle's useful lIfe IS 200,000 kilometers

• The average mterval between spark plug changes With leaded gasolme IS
15,000 kilometers (If available, actual data on the average spark plug change
mterval m the area under consideratIon should be substItuted mstead)

• The average spark plug change mterval wlll be doubled with unleaded
gasolme, and extended by two-thirds usmg low-lead fuel (0 1 gram oflead
per liter)

The lIfetIme costs are then the cost of a smgle spark plug change (estimated at
US $20) multIplIed by the number ofspark plug change mtervals over the
vehIcle slIfe, mmus one (smce the vehicle comes eqUlpped with one set of plugs)

Engzne overhauls The number ofengme overhauls reqUlred dunng the vehIcle's
lIfetIme was estImated at 1 0 With leaded gasolme, and 0 8 with low-lead or
unleaded fuel This IS based on the much lower rates of pIston nng wear, rustmg,
and corrOSIOn with low- and zero-lead fuel
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Exhaust system replacements The numbers of exhaust system replacements
and valve repatrs are based on the data of Wmtrmgham et al , extrapolated to
the full engme life The number of exhaust system replacements with low
lead gasolme is assumed to be slml1ar to that with high-lead fuel, as the
crltIcal factor is consIdered to be the presence of aCIds formed by the lead
scavengers m the exhaust pIpe, and not the amount of the aCld present

Cylmder head replacements The number ofcylmder head replacements IS also
based on the data ofWmtnngham et al , and reflects a peSSImIStIC assumptIon
that 20 percent of the vehIcle fleet wIll suffer valve seat receSSIOn at some pomt
dunng their useful lives when usmg unleaded gasolme ThIs IS conSiderably
hIgher than the observed rate ofoccurrence of this problem m the countnes that
have already phased out leaded gasolme

Net mamtenance savmgs Addmg up the total mamtenance costs and savmgs m
thIS hypothetIcal case suggests that the use oflow-Iead gasolme would result m
savmgs of about US $557 over the life of a car, eqwvalent to about $0 033 per
liter ofgasolme used For unleaded fuel, total savmgs would be $783, or about
$0047 per liter These costs can be compared dIrectly to the addltIonal costs of
producmg the low-lead and unleaded fuels m a cost-benefit evaluatIon
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Table 7 Hypothetical Maintenance Cost
Savings With Low-Lead And Unleaded Gasoline

GasohneType

Maintenance Item High Lead Low Lead Unleaded

Vehicle hfe (km) 200000 200000 200000

Spark Plugs
Change Interval 15000 25000 30000
Change cost $20 $20 $20
Lifetime cost $247 $140 $113

011 Change
Change Interval 4000 6000 8000
Change cost $12 $12 $12
lifetime cost $588 $388 $288

Engine Overhaul
Total overhauls 10 08 08
Overhaul cost $500 $500 $500
Lifetime cost $500 $400 $400

Exhaust System Replacement
Total replacements 3 3 1
Replacement cost $80 $80 $80
Lifetime cost $240 $240 $80

Valve Repairs
Total number 05 02 02
CosVrepalr $500 $500 $500
Lifetime cost $250 $100 $100

Cylinder Head Replacements
Total number 01 01 03
CosVrepalr $300 $300 $300
Lifetime cost $30 $30 $90

Total lifetime cost $1855 $1298 $1071
Saving compared to leaded $557 $783
Total fuel used (I) 16667 16667 16667
Saving per liter $0033 $0047
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4. ASSESSING LEAD PHASEOUT
EFFECTS ON VEHICLE EMISSIONS
AND AIR QUALITY

PhasIng out lead wIll entall changes In gasolIne composltlon, and these changes
wdl affect the emISSIOns oflead and other pollutants from gasolIne-powered
vehIcles For Instance, IncreasIng the aromatIc hydrocarbon content ofgasolIne
may Increase emISSIOns of benzene and other aromatIcs In exhaust and evapora
tIve emISSIOns Changes In gasolIne composltlon may also affect the photochemI
cal reaCtIVIty ofvolatde organIC compound (VOC) emISSIOns, and thus affect the
formatIon ofground-level ozone (photochemIcal smog)

In a number ofcases, publtc concerns over these secondary effects have delayed
lead phaseout programs It IS thus Important that the potentIal secondary effects
oflead phaseout be assessed and quantIfied as part of the phaseout plan, and that
- where necessary - measures be taken to mltlgate any adverse Impacts Such
measures mIght Include settIng ltmIts on or taxIng the benzene, aromatIc, and/or
olefin content of fuels, and ltmitIng vapor pressure to mInImIZe evaporatIve
emIsSIOns

Lead phaseout also proVIdes an opportUnIty for a more general reVIew ofemIS
SIOn control poltcIes related to vehIcles and fuels, such as the adoptIon of cata
lytIC converters and/or evaporatIve emISSIOn controls, and ltmIts on gasolIne
sulfur content To the extent that such poltcIes requite changes In eIther the
composltlon or the market shares ofdIfferent fuels, they wIll affect Investment
plans In the refinIng and fuel dIstrIbutIon sectors To aVOId waste and confuSIOn,
It IS best that they be adopted as an Integrated package WIth the lead phaseout
poltcy, rather than one at a tIme

ThIS chapter first examInes the effects ofvehIcle emISSIOn
control technology on CO, HC, and NO

x
emISSIOns It then

dIscusses the emISSIOn standards In effect In North AmerIca and
Europe, whIch Implementers should conSIder IncorporatIng In
thelt own countrIes' lead phaseout strategIes

Next, the studIes examInIng the dIfferences In emISSIOns
between leaded and unleaded gasolIne In vehIcles WIthout
catalytIC converters are examIned The chapter concludes WIth a
dIscussIOn of the ratIOnale for conSIderIng the InclUSIOn of
regulatIons that reduce sulfur, fuel volatIltty, olefins, aromatIcs
and benzene when establtshIng a lead phaseout program

4 1 EmISSIon Control TechnologIes For Gasolme VehIcles
In addltlon to lead emISSIOns from leaded gasolIne, gasolIne engInes In cars, ltght
duty trucks, and motorcycles are responSIble for more than 90 percent of the
carbon monOXIde (CO) emISSIOns and substantIal fractIons of the emISSIOns of
unburned hydrocarbons (He) and OXIdes of nItrogen (NO) In most large CItIeS
Carbon monOXIde IS a pOIsonous gas, and exposure to It may Increase the rIsk of
heart attack In persons WIth eXIstIng cardIOvascular dIsease HC emISSIOns
Include cancer-caUSIng organIC chemICals such as benzene and 1,3 butadIene H C
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The Steps In Assessing Lead Phaseout Effects
On Vehicle Emissions And Air Quality

1 Assess gasoline composition effects on emissions and air
quality

Implementers should assess and quantify the potentIal secondary
effects of lead phaseout on emISSions and air quality

2 Assess the need for policies affecting gasoline composition
Where necessary, Implementers should speCify measures to mitigate
any adverse Impacts resulting from changes In gasoline composition
Such measures might Include setting limits on or taxing the benzene,
aromatiC, and/or olefin content of fuels, and limiting vapor pressure to
minimiZe evaporatIve emiSSions

3 ConSider vehicle emission control policy
Implementers should conduct a general review of emission control
policies for vehicles and fuels, such as the adoption of catalytiC
converters and/or evaporative emission controls, and limits on
gasoline sulfur content

and NO
x

also react In the presence of sunlIght to form ozone and other photo
chemICal oXIdants, the maIn IngredIents In photochemIcal smog Ozone IS an
IrrItant gas WIth effects that Include Increased nsk ofasthma attacks, respIratory
Illness, and death Most large cltles worldwIde exhIbIt unhealthy levels ofcarbon
monOXIde, ozone, or both

With modern emISSIOn control technology, emISSIons of CO, HC, and NO
x

from new gasolIne vehIcles can be reduced by more than 90 percent compared to

the levels tyPICal for vehIcles without emISSIOn controls The emISSIOn control
system used to achIeve thIS reductIon has three maIn components a three-way
catalytIC converter, an electrollic fuel Injection system, and an electrollic engIne
control system IncorporatIng a lambda sensor (aIr-fuel ratio sensor) for feedback
control of the aIr-fuel ratio

Both catalytIC converters and lambda sensors depend on catalytIC reactions, and
both reqUire the use of unleaded gasolIne OtherwIse, lead compounds In the
exhaust WIll rapIdly coat the active surface of the catalyst, blockIng contact
between the catalyst and the exhaust gas ThIS was the ongInal reason for
mandatIng the sale of unleaded gasolIne In the United States In 1975, and
subsequently In other countnes At that time, the health dangers oflead aerosol
contamInatIOn were not as well understood as they are today

The decIsIOn to phase out lead In gasolIne IS fully Justifiable on health grounds,
whether or not a government also chooses to adopt emISSIOn standards for HC,
CO and NO

x
emISSIOns that reqUire the use of catalytIC converters Once the

deCISIon IS taken to phase out lead, however, It removes a major roadblock to

adoptIng such standards The deCISIOn on whether to adopt strict emISSIOn lImIts
for He, CO, and NO

x
can then be conSIdered on ItS own merIts, takIng Into

account both the costs and the benefits ofsuch controls Proper evaluation of the
costs, benefits, and feaSIble schedule for ImplementIng vehIcle emISSIOn controls
can be time consumIng It IS Important to emphaSIze, therefore, that the benefits
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of phas10g out lead 10 gasolme do not depend on whether catalyst-forc1Og
emISSiOn standards are adopted or not, and the decIsiOn to phase out lead 10
gasolme should not be delayed whIle thIs questlon IS debated

4 2 Systems OfEmISSIon Standards
If a nation or other JUrISdIction does decIde to reqUIre gasolme vehIcles to meet
emISSIon standards, It wIll have to face the questiOn of what emISSiOn standards
to adopt It IS very costly and time consum1Og for vehIcle manufacturers to

develop umque emISSIon control systems Therefore, consIderatIOns ofeconomIes
ofscale, the lead-time reqUIred, the cost to vehIcle manufacturers to develop
UnIque emISSIOn control systems, and the cost to governments ofestablIsh10g
and enforc1Og umque standards all argue for adopt1Og one of the sets of1Oterna
tIonal emISSiOn standards and test procedures already 10 WIde use

The maIn 1OternatiOnal systems ofvehIcle emISSIon standards and test procedures
are those ofNorth Amenca and Europe North Amencan emISSIon standards and
test procedures were ongmally adopted by the Umted States, whIch was the first
country to set emISSIon standards for vehIcles Under the North Amencan Free
Trade Agreement, these standards have also been adopted by Canada and MexICO
Other countnes and JunsdIctIons that have adopted US standards and/or test
procedures 10clude Argent1Oa, BrazIl, ChIle, TaIwan, Hong Kong, AustralIa, the
RepublIc ofKorea, and S1Ogapore (for motorcycles only) The standards and test
procedures establIshed by the Umted Nations EconomIc CommIsSiOn for Europe
are used 10 the European Umon, a number of former Eastern bloc countnes, and
some AsIan natlons Japan has also establIshed a set ofemISSIOn standards and
test10g procedures that have been adopted by some East AsIan countnes as
supplementary standards

U S and European emISSIOn standards and test procedures are descnbed by FaIZ
et al (I996) 10 a publIcatIOn by the World Bank Updated 1OformatIon as of
mId-1998 was 10cluded 10 another report prepared under contract to the US
Agency for International Development (Chan and Weaver, 1998) Generally,
gasolme passenger cars and lIght-duty trucks 10 Europe and North Amenca use
very sImIlar technologIes, and are certIfied to sImIlar emISSIOn levels VehIcles
meetlng each set ofstandards (and sometlmes both) are readIly aVaIlable on the
world market

WIth thIS 10 m1Od, countnes may wIsh to maxImIze theu access to 1OternatlOnal
automotIve markets by allow1Og vehIcles to comply wIth eIther North Amencan
or European emISSiOn standards Thus, vehIcles could be allowed If they were
certIfied eIther to the current European emISSiOn standards for passenger cars and
lIght-commercIal vehIcles (contaIned 10 EU dIrectlve number 96/69/EC) or to
US TIer 1 emISSIOn standards as defined 10 the U S Code of Federal Regula
tIOns (40 CFR 86, Part B) The cost of meetlng eIther of these sets of emISSIon
standards IS estImated to be on the order of US $1,000 per vehIcle compared to

a vehIcle WIthOUt emISSIOn controls ThIS cost would be partly offset by an
Improvement 10 fuel economy ofapproXimately 10 percent due to the use of
electromc fuel1OJectlon WIth electromc management ofau-fuel ratlo and spark
tIm10g

Incorporat1Og emISSIOn control technologIes and new-vehIcle emISSIOn standards
1OtO vehIcle productlon IS a necessary, but not a suffiCIent, condmon for achIev-
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Studies have found
that uSing unleaded
gasoline reduces
hydrocarbon emis
sions by 5 to 17
percent over leaded
fuel

mg low emiSSIOns Measures are also reqUired to ensure the durability and
reliability ofemiSSIOn controls throughout the vehide s lifetime Low vehicle
emiSSIOns at the time of production do lIttle good It low emiSSIOns are not
mamtamed m service To ensure that vehicle emiSSIOn control systems are durable
and reliable, countries such as the UnIted States have programs to test vehIcles m
service, and recall those that do not meet emISSIOn standards VehIcle emiSSIOn
warranty reqUirements have also been adopted to protect consumers It IS
recommended that countnes seek the adVice of speCialists m thiS field to aid
them m deslgnmg effective and cost-effective emISSIOn control programs The
International ActiVIties Branch of the U S EPAs Office of Mobile Sources,
located m Ann Arbor, MIChigan, USA, may be able to offer adVICe m thiS area

4 3 Effect OfLeaded Vs Unleaded GasolIne
A number ofstudies exammed the differences m emissions between leaded and
unleaded gasolme m vehicles Without catalytIC converters EXlstmg studies were
summanzed by the CoordmatIng Research CounCIl (1970) and by Weaver
(1986) The Council's summary found that stabilIzed HC emiSSIons were
reduced by 5 to 17 percent usmg unleaded gasolme compared to leaded fuel m
consumer-type dnvmg tests and by an even larger fraction m accelerated mileage
accumulation schedules

Weaver (1986) descnbes the reason for these differences With leaded gasolme,
lead depOSIts m the combustion chamber develop over time These take longer to

develop with low-lead gasolme, but eventually build up to the same level The
unburned fuel-au mIxture trapped m thiS deposit layer does not burn, and later
contnbutes to HC emiSSIOns when It IS swept mto the exhaust along With the
burned charge WIth unleaded fuel deposits consist ofcarbon rather than lead,
and are much more vanable A penod of hIgh-load operatIOn can reduce depOSIt
levels considerably, and overall depOSIt levels are lower, on average These lower
depOSit levels result m lower hydrocarbon emISSIOns

The presence of tetra-ethyl lead acts as a combustIOn mhIbltor, and thIS may also
contnbute to mcreasmg hydrocarbon emISSIOns For example, m studies by the
Instltuto Mexlcano del Petroleo (1994), the average of 28 vehicles tested m back
to-back tests on leaded, low-lead, and unleaded gasolme showed lower HC
emiSSIOns as gasolme lead content was reduced (Table 8) Benzene and 1,3
butadiene emiSSIOns usmg low-lead and unleaded fuel were less than With leaded
gasolme, despite slightly higher benzene and aromatic content m the unleaded
fuel Tests by CSIRO m Australia (Duffy et al , 1998) also showed that emISSIOns
ofbenzene and 1,3 butadIene were reduced usmg unleaded gasolme (Table 9)

In actual consumer use, the difference m HC emiSSIOns between vehIcles usmg
leaded and unleaded fuel IS likely to be much greater than m these controlled
studies ThIS IS due to the effect oflead on spark plug replacement requIrements
All of the controlled studies mcluded routme mamtenance, which would have
mcluded timely spark plug changes In the real world, however, spark plug
replacement IS often delayed until misfire develops Smce spark plugs reqUire
changmg at much shorter mtervals when leaded gasolme IS used, vehicles usmg
leaded gasolme are more likely to be operating WIth one or more cylmders
mlsfinng due to fouled plugs The mcrease m HC emISSIOns due to misfire IS
very large compared to the typiCal emISSIOns from properly functlonmg vehIcles
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Table 8 Comparison Of Pollutant EmiSSions Usmg Leaded, Low-Lead,
And Unleaded Gasolme In Vehicles Without Catalytic Converters

Baseline Ref Nova Nova A

RON 817 811 815
MON 772 773

Composition
Paraffins 573% 564% 544%
Oleflns 100% 79% 88%
Naphthenes 102% 114% 114%
Aromatics 181% 173% 184%
Benzene 14% 13% 13%
MTBE 50% 70% 70%
TEL gil 037 019 00

EmiSSions (glkm)
CO 317 304 300
He 295 29 28
NOx 150 153 152

TOXIC Air Contaminants (mg/km)
1 3 Butadiene 8756 8545 8150
Benzene 8261 764 797
Formaldehyde 7872 851 830

Source Instltuto Mexlcano de Petroleo (1994)

Table 9 ToxIc Air Contammant Emissions
Usmg Leaded And Unleaded Gasoline

Leaded Unleaded

RON 913 96

Composition
Paraffins + naphthenes 437% 450%
Oleflns 52% 68%
Aromatics 428% 405%
Benzene 57% 50%
TEL gil 037 00

ToxIc Air Contaminants (mg/km)
1 3 Butadiene 155 1400
Benzene 1466 1228

4 4 Effect OfGasolme Properties And ComposItion on
EmlSSIOnS

In establIshmg programs to phase out lead m gasolme, Implementers may also
want to consIder the desirabIlIty ofother regulations on gasolme composltlon
and properties The potential reductIOn m HC and CO emISSIons due to the
mclusIOn ofoxygenated compounds such as MTBE and ethanol was dtscussed m
Section 2 5 Other gasolme properties that may be ofmterest for pollutIOn
reduction purposes mclude ItS sulfur content, the content ofbenzene and other
aromatic hydrocarbons, olefin content, and volatIlIty, as measured by ReId vapor
pressure

IMPLEMENTER'S GUIDE TO PHASING OUT LEAD IN GASOLINE 51

When establrshmg
lead phaseout
programs, Imple
menters should
conSIder developmg
other regulatIons on
gasolme composItIon
and propertIes



52

r I
I

I

i \ I r1

I j

II

441 Sulfur
Sulfur m gasolme IS undesirable for several reasons The most Important of these
IS that, m vehicles with catalytic converters, sulfur bmds to the precIOUS metal
catalyst under rIch condmons, temporarIly pOisonmg It Although thIs pOlsonmg
IS reversible, the effiCiency of the catalyst IS reduced while operating on hlgh
sulfur fuel A 1981 study by General Motors (Furey and Monroe, 1981) showed
emiSSIOns reductions of 162 percent for HC, 13 °percent for CO, and 139
percent for NO, with aged catalysts m gomg from fuel contammg 009 percent
sulfur to °01 percent An even larger percentage reduction was seen m vehrcles
with relatively new catalysts

Similar results have been reported from modern fuel-mJected vehicles with three
way catalysts, tested as part of the Auto/OIl Cooperative Study m the Ullited
States (1992) ThiS study showed that reducmg fuel sulfur content can contrIb
ute directly to reductions m mass emISSIOns (HC, CO, and NO), toxIC emIS
SIOns (benzene 1,3-buradlene, formaldehyde, and acetaldehyde), and potential
ozone formation The Auto/Oil sulfur reductIOn study used test fuels with
nommal fuel sulfur levels of 50, 150,250,350, and 450 ppm m 10 late-model
vehIcles ReductIOns m HC NMHC, CO, and NO were 18, 17, 19, and 8

x

percent, respectively, when fuel sulfur level was dropped from 450 ppm to 50
ppm Reducmg the fuel sulfur level also reduced benzene emISSIons by 21 percent
and acetaldehyde emiSSIOns by 35 percent Formaldehyde emissions were zn

creased by 45 percent, whIle 1,3-butadlene changes were mSlglllficant

In addItIon to ItS effects on catalyst effiCiency, sulfur m gasolme contrIbutes
dIrectly to SOl' sulfate, and HlS emiSSIOns, and mdlrectly to the formation of
sulfate particles m the atmosphere These particles are a slglllficant contrIbutor to
ambIent concentrations of fine partIculate matter (PM2 5), which has recently
been shown to have strong lmks to human health and mortality Under lean
condItIons, fuel sulfur forms particulate sulfates and sulfUrIC aCId m catalytIC
converters Under rIch condmons, hydrogen sulfide IS formed by the reduction
of SO1 and sulfates stored on the catalyst substrate The strong offenSive odor of
HlS m the exhaust contributes to a public perceptIOn that catalysts "don t work,"
and may lead to mcreased tampermg With emiSSIOn controls

4 4 2 Volatthty
Fuel volatility, as measured by Reid vapor pressure (RVP), has a marked effect on
evaporative emiSSIOns from gasolme vehicles, both with and Without evaporative
emiSSIOn controls In tests performed on European vehicles Without evaporative
emISSIOn controls It was found that mcreasmg the fuel RVP from 62 to 82
kilopascals (kPa) roughly doubled evaporative emiSSIOns (McArragher et al ,
1988) The percentage effect IS even greater m controlled vehIcles In gomg from
62 to 81 kPa RVP fuel, average dIUrnal emiSSIOns m vehicles With evaporative
controls mcreased by more than 5 times, and average hot-soak emiSSIOns by 25
100 percent (U S EPA, 1987) The large mcrease m dIUrnal emiSSIOns from
controlled vehIcles IS due to saturation of the charcoal camster, whICh allows
subsequent vapors to escape to the air Vehicle refuelmg emISSIOns are also
strongly affected by fuel volatility In a comparative test on the same vehicles
(Braddock, 1988), fuel With 79 kPa RVP produced 30 percent greater refuelmg
emiSSIOns than gasolme With 64 kPa RVP (l 45 vs 1 89 g/litre dispensed)
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In response to data such as these, EPA has establIshed nattonwide summertime
RVP lImItS for gasolme These lImits are 7 8 pounds per square mch (PSI) (4
kPa) m warm-clImate areas and 90 PSI (62 kPa) m cooler regIOns Still lower
RVP levels will be reqUired m "reformulated' gasolIne sold m areas With senous
au pollution problems

An important advantage ofgasolme volattlIty controls is that they can affect
emISSIons from vehicles already produced and m use, and from the gasolme
dlstnbutton system UnlIke new-vehIcle emISSIOns standards, it IS not necessary
to walt for the fleet to turn over before they take effect The emISSIOns benefits
and cost-effecttveness oflower volattlIty are greatest where few ofthe vehIcles m
use are eqUipped WIth evaporattve controls Even where evaporative controls are
m common use, as m the UnIted States, the control of volatilIty may still be
benefiCIal to prevent m-use volatilIty levels from exceedmg those for whICh the
controls were deSIgned

In ItS analysIs of the RVP regulation, EPA (1987) estimated that the long-term
refinmg costs of meetmg a 62 kPa RVP lImIt throughout the UnIted States
would be approxImately US $0 0038 per lIter, assummg crude 011 at $20 per
barrel These costs were largely offset by credits for Improved fuel economy and
reduced fuel loss rhrough evaporation, so that the net cost to the consumer was
estimated at only $00012 per lIter

GasolIne volatilIty reductIOns are lImIted by the need to mamtam adequate fuel
volatilIty for good vaponzatton under cold condmons OtherwIse, engmes WIll
be dIfficult to start VolattlIty reductions below about 58 kPa have been shown
to Impair cold startmg and dnveabilIty, and mcrease exhaust VOC emISSIOns
somewhat, espeCIally at lower temperatures For thIS reason, volatIlIty lImIts are
normally restncted to the warm months, m whIch evaporative emISSIons are
most SIgnIficant The range ofambIent temperatures encountered must also be
conSIdered m setting gasolme volatIlIty lImits

443 Olefins
Olefins, or alkenes, are a class of hydrocarbons that have one or more double
bonds m theIr carbon structure Examples mclude ethylene, propylene, butene,
and 1,3 butadIene - a powerful carcmogen Olefins m gasolIne are usually created
by the refinIng process ofcrackmg naphthas or other petroleum fractIOns at hIgh
temperatures Olefins are also created by partIal combustIon of paraffinIc hydro
carbons m the engme Compared to paraffins, olefins have extremely hIgh ozone
reactIVity Because of their hIgher carbon content, they also have a slIghtly hIgher
flame temperature than paraffins, and thus NO

x
emiSSIOns may be mcreased

somewhat It has been shown (Duffy et al , 1998) that the evaporation of 1,3
butadiene m gasolIne contnbutes to ambient levels of thIs toXIC air contammant

The Auto/Oil study m the UnIted States exammed the impacts of reducmg
olefins m gasolme from 20 percent to 5 percent by volume (Hochhauser and
others, 1991) The results show that while there tends to be a slIght reduction m
NO

x
emISSIons from both current and older catalyst-eqUipped vehIcles, VOC

emiSSIOns tend to nse m both vehicle classes ThiS was ascnbed to the fact that a
reduction m olefin content ImplIes an mcrease m the paraffins The olefins react
much more readily m a catalytIC converter than do paraffins Increasmg the
paraffin content of the fuel therefore tends to reduce the overall VOC effiCiency
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of the catalytIc converter The result of thiS change is higher paraffimc VOC
emiSSiOns (whiCh have substannally reduced reaCtiVity in companson to olefimc
VOC emiSSiOns) and an associated reductiOn in vehicle exhaust reaCtiVity

4 4 4 Aromatics And Benzene
Aromatic hydrocarbons are hydrocarbons that contain one or more benzene nngs
in their molecular structure In order to meet octane specifications, unleaded
gasoline normally containS about 30-50 percent aromatic hydrocarbons Aromat
iCS, because of their hIgh carbon content, have slightly hIgher flame temperatures
than paraffins, and are therefore thought to contnbute to higher engine-out NO.
emiSSiOns Aromatics in the engine exhaust also raise the reaCtiVity of the exhaust
VOC because of the hIgh reaCtiVity of the alkyl aromatic species such as xylenes
and alkyl benzenes Reducing the content ofaromatic hydrocarbons in gasoline
has been shown to reduce NO. emiSSiOns, exhaust reacnVity, and benzene
emISSiOns

An EPA study of toxiC atr contaminant emiSSiOns from mobIle sources (EPA,
1993) gIves a regressiOn equatiOn relating the fractiOn of benzene in the exhaust
hydrocarbons to the benzene and aromatic content of the fuel For vehIcles
WIthout catalytIc converters, thIS fraction is given as

Benzene as % of total HC =

086 (vol % benzene) + 0 12 x (vol % aromatics) - 1 16

Evaporanve and exhaust emISSiOns of benzene are ofsigmficant public concern
because benzene IS a probable (albeIt faIrly weak) human carCinogen In a number
ofcases, exaggerated concerns ofsupposed increases in benzene emISSiOns due to
lead phaseout have been allowed to delay lead phaseout programs As Chapter 5
WIll demonstrate, the nsks ofeven a very large increase in vehiCular benzene
emISSiOns would be much less than the nsks from lead Even the relatively small
nsks due to benzene may be worth mltlgating, however, if only to reduce public
anXiety and potentIal delays in the lead phaseout program Implementers may
thus Wish to consIder establishing limIts on both the benzene and total aromatiC
concentrations in gasoline

As dIscussed in Chapter 2, increasing the aromatIc content ofgasoline by
catalytic reforming IS one of the most important octane-enhancing processes in
the refinery WIth advance planmng, however, the increase in aromatiC content
due to lead phaseout can be minImIZed by emphaSIZing other octane-enhancing
processes such as IsomenzatiOn, alkylation, and blending ofethers In addltlon,
the benzene content of the aromatIc fraction can be reduced considerably by
USing speCIal reformer catalysts taIlored to produce other aromatics, and by
processes that eIther remove the benzene for sale as a petrochemical or chemiCally
destroy It by converting It to non-toxiC compounds such as eyclohexane In
order to mimmize the cost impact on refiners, it IS important that these consId
erations be taken into account at the time the refinery is upgraded to increase Its
octane capaCity Thus, it IS recommended that appropnate limIts on the benzene
and aromatic content ofgasoline be adopted at the same tIme as the lead
phasedown program
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5. ASSESSING THE HEALTH BENEFITS
OF LEAD PHASEOUT

Reducmg or eltmInatmg lead aerosol emiSSIOns through the use ofunleaded
gasolme can be expected to decrease lead concentratIOns In ambIent au, dust, and
other media ThIS, m turn, WIll lessen human exposure to lead and the resultIng
adverse health effects

ThIS chapter presents data and a methodology for estimatIng
the reductIOn In the average lead concentrations m human
blood to be expected as a result of reducmg or eltmInatIng lead
mgasolme

GIven thIS mformatIon, dose-response relatIOnships denved
from epIdemIOlogICal data can be used to estimate the change m
the mCIdence ofhIgh blood pressure, cardIOvascular Illness, and
other health outcomes due to a gIven lead phaseout scenano
Examples of these calculatIOns are also presented In thIS chapter
Fmally, thIS chapter presents an approach for calculatmg the
monetary value attrIbutable to these benefits

In companng the costs ofreducmg lead In gasolIne With the resultmg health
benefits, It IS often useful to express the health benefits In monetary terms The
value to SOCIety of preventIng a case oflead-related tllness or premature death can
be estlCnated based on treatment costs, lost produCtIVIty, and people's willIngness
to pay to reduce the nsk ofsuch consequences as premature death ThIS chapter
presents the bases for developmg such estimates
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The Steps In Assessing The Health Benefits
Of Lead Phaseout

1 Estimate the air quality Impact of lead and lead alternatives
To assess the health benefits of reducing or eliminating lead emis
sions the Implementer should estimate how the distribution of lead
concentrations In ambient air and In human blood will change In

response to changes In gasoline lead concentrations To relieve
public concerns about these Issues, the Implementer should also
estimate the effect of the resulting changes In gasoline compOSition
on emiSSions of tOXIC air contaminants such as benzene and 1,3
butadiene

2 Conduct a risk assessment for lead and lead alternatives
Given the estimated change In lead concentrations, coefficients
derived from epidemiological studies of health outcomes as functions
of blood lead concentration can be used to estimate the change In the
risks of hypertension, Impacts on children's health, cardiovascular
Illness, neurodevelopmental problems, and premature death due to a
given reduction In lead emissions Similarly, published factors on Unit
risk can be used to estimate the potential change In cancer inCidence
due to changes In tOXIC air contaminant emiSSions

3 Assess the public health benefits of phaSing out lead
The change In IndiVidual risk IS multiplied by the population affected
to give the total public health Impacts of a given lead phaseout
scenario

4 Conduct an economic valuation of public health benefits
In comparing the health benefits With the costs of reducing lead In

gasoline, It IS often useful to express the health benefits In monetary
terms The value to society of preventing a case of lead-related
Illness or premature death can be estimated based on treatment
costs, lost productiVity, and people's willingness to pay to reduce the
risk of premature death and other adverse consequences
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5 1 EmIssions Vs Ambient Concentrations
Ambient lead concentrations resulting from lead emissions In a gIVen area such as
a City are proportional to the quantity ofleaded gasolIne consumed In that area
The resulting ambient lead concentrations will depend on the

• Quantity ofleaded gasolIne consumed

• ProXlmlty of the particular mOnItonng site to heavy concentrations of road
traffic

• Local meteorological condltlons, which will determIne the rate and extent of
disperSIOn of the lead aerosol

Table 10 compares the estimated lead emiSSIOns for seven of the world's
megacltles with their average lead concentrations As this figure shows, the ratio
ofaverage lead concentrations to emiSSIOns IS remarkably constant, averagIng
about 0 002 }lg/m3 per ton oflead emitted In the urban area per year Surpns
Ingly, thiS ratIO does not appear to be much affected by variations In the size of
the urban area, possibly because (except for London) heavy traffic concentrations
and lead mOnItonng sites may tend to be concentrated In a much smaller regIOn

Table 10 Lead EmiSSions Vs Ambient Concentration
For A Selection Of World Megacltles

Lead
EmiSSions Avg Lead

City Date (tonslyear) Conr (lJglm3) RatiO

MeXICO City 1988 1400 28 00020
1993 210 06 00029

Bangkok 1990 598 1245 00021
1992 182 044 00024
1993 160 033 00021
1994 110 0185 00017
1995 75 016 00021
1996 25 008 00032

Deihl 600 052 00009
Cairo 1200 25 00021
London 525 03 00006
Manila 1992 689 145 00021
Jakarta 520 1 1 00021

Sources Wangwongwatana (1998) WHO (1992) Romleu (1995)

In the absence ofa signIficant Industnal source such as a pnmary or secondary
lead smelter or a steel mIll, more than 90 percent of the ambient lead aerosol
measured IS lIkely to be attrIbutable to leaded gasolIne combustIOn RedUCIng the
total mass oflead used In gasolIne wIll lIkely produce a nearly proportIOnal
reduction In lead aerosol concentrations In the atmosphere

To estimate the change In ambient lead concentratIOn that would result from
redUCIng or elImInatIng lead In gasolIne, It IS best to rely on local mOnItonng
data, IfaVailable Ifmeasurements ofambient lead concentration are not aVail
able, then the data shown In Table 10 can be used to develop a first approxima
tion MultiplYIng the lead content ofgasolIne (In grams per lIter) by annual
leaded gasolIne consumption In an urban area (In millIons oflIters) Will give the

IMPLEMENTER'S GUIDE TO PHASING OUT LEAD IN GASOLINE 57

If a large Industnal
source of lead IS not
located In the area
being monitored, It IS
IJkely that over 90
percent of lead aerosol
In the atmosphere IS
coming from leaded
gasoline combustIon



Lead can be absorbed
by the body directly
through inhalation or
IndIrectly through lead
aerosol settling on
floors, cooking
utensIls, and other
surfaces

annual lead emISSiOns m tons MultIplymg thIS value by 0 002 Ilg/m3-ton WIll
gIve an order-of-magmtude eStimate of the lead aerosol concentration caused by
leaded gasolrne use

5 2 Ambient ConcentrationVs Blood Lead Concentration
A number ofstudIes and revIews have exammed the relatiOnShIp between changes
m the lead concentration m ambIent aIr and the resulting change m average
blood lead concentrations m chIldren and adults These mclude studIes by the
World Health OrgamzatiOn (WHO, 1995), the US EnvIronmental ProtectIOn
Agency (1986), and the CalIfornIa Office ofEnvIronmental Health Hazard
Assessment (OEHHA) (Ostro et al , 1997) These revIews generally concur m
findmg that thIS relationshIp IS non-lInear, It has a relatively hIgh slope at low
ambIent lead levels, and a decreasmg slope as the lead concentratIOn mcreases

Most of the avaIlable data lmkmg blood lead concentratIons to lead concentra
tions m ambIent aIr are based on studIes m developed nations WIth temperate
clrmates (such as the Umted States, Umted Kmgdom, the Netherlands, and
AustralIa) and where ambIent lead concentrations were between 0 5 and 10 Ilg1
m3 The lead concentratIOn m most urban atmospheres lIes toward the lower end
of thIS range Although mdlVldual studies have shown a Wide range of relatIon
shIps, the WHO, EPA, and OEHHA revIews concur that - for the range oflead
concentratIOns typICal ofnon-occupational exposures - the relatIonshIp of
blood lead to lead m ambIent alr can be approxImated as a lmear function For
adults, the slope of thIS functIOn IS apprOXImately 2 Ilg/dl oflead m blood per
Ilg/m3 oflead m ambIent alr For chIldren, the slope lIes between 3 and 5 pg/dl
oflead m blood per pg/m3 oflead m ambIent alr, WIth a best estimate value of
apprOXImately 4 Thus, a reduction m average ambIent lead concentration of 1 0
Ilg/m3 can be expected to produce a reductIon m the average blood lead concen
tration of2 pg/dl for adults and 4 Ilg/dl for chIldren The half-lIfe oflead m
blood IS about 36 days (WHO, 1995), so that average blood lead concentrations
can be expected to respond to changes m ambIent lead levels wlthm two months

The blood lead/aIr lead relationshIps shown m FIgure 10 account both for lead
absorbed dIrectly (as a result ofmhalatIon) and mdIrectly (as a result oflead
aerosol settlmg on floors and other surfaces, cooking and eatmg utensIls, etc)
Based on dIrect mhalatIon alone, the blood lead to aIr lead ratio would be around
1 6 for adults and 2 0 for chIldren Young chIldren are subject to much greater
mdlrect exposure than adults because of theIr tendency to play on the floor, and
to put theu hands and other thmgs m theIr mouths Boys also tend to exhIbIt
hIgher blood lead concentrations than gIrls, posSIbly because they spend more
time playmg outSIde

Implementers should bear m mmd that the average blood lead concentration m a
gIven population IS a function not only of the lead concentratIOn m ambIent aIr,
but also of total lead exposure through other medIa such as food, water, and dust
or chIps from lead palnt Where lead exposure through other medIa IS hIgh, the
mcrementallead absorptiOn due to lead m the aIr IS lIkely to be less Conversely,
where people are less exposed to lead through other medIa, theIr blood lead
concentrations may be more sensltlve to lead concentrations m the aIr
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Figure 10 Expected Change In Average Blood Lead Concentration
Due To A Change In Lead Concentration In Ambient Air

o,....-------------------------::~

Table 11 shows a hypothetlcal example Leaded gasolme sales are 1000 mIllton
lIters per year, wIth a lead concentratIon ofa7 grams per ltter, resultmg mlead
emISSIOns of700 tons per year The ambIent lead concentratlon IS 1 4 flg/m3

Reducmg the lead content to a 15 gram per ltter would reduce annual lead
emISSIOns by 550 tons, and would be expected to reduce the average ambIent

It IS also Important to note that these blood lead/aIr lead relatIOnshIps reflect
only the short-term effects of reducmg ambIent lead concentratIons, and not the
reductIon m the long-term accumulatlon oflead m sod and croplands due to
reducmg overall lead emISSIOns AgaIn, thIs means that these calculatIOns wIll
tend to understate the long-term benefit of reducmg lead emISSIons, as they do
not account for the long-term reductlon mlead concentratIons, and thus lead
from food and sOlI due to reducmg lead emISSIOns to the aIr

5 3 EstImating The ReductIon In Blood Lead Due To Lead
Phaseout

To estlmate the reductlon m blood lead concentratlons from phasmg out lead m
gasolme, one must first calculate total lead emISSIOns, and then relate these to
ambIent aIr momtonng data Gasolme lead emISSIOns (m tons) are equal to the
product ofleaded gasolme consumptlon (m mIlltons of lIters) and the lead
concentratIon mleaded gasolme (m grams per lIter)
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These blood lead/aIr lead relatIOnShIps are based on populatIOn studIes conducted
mostly m developed natIOns wIth relatIvely cold cltmates, m whIch people tend
to spend most of theIr tlme mdoors, where there IS relatIvely little mterchange
between mdoor and outdoor aIr, where chIldren are unltkely to spend much tIme
on or near busy streets, and where anemIa and malnutntIon are uncommon
Each of these factors would tend to reduce the slope of the blood lead/aIr lead
relatIOnShIp It IS therefore very lIkely that the factors gIven here substantIally
underestlmate the slope ofthe blood lead/aIr lead relatIOnShIp m many develop
mg countnes, where people are lIkely to spend more tlme outdoors on busy
streets, and where there IS more mterchange between mdoor and outdoor aIr
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lead concentratlon proportionally (assumIng that there are no other signIficant
sources oflead aerosol emissIOns) The resultlng reductlon In lead concentratIOn
would be 1 1 Ilg/m3

fu shown In SectIOn 5 2 the slope of the short-term relatlonshlp between blood
lead and lead In air IS approximately 2 for adults and 4 for children Thus, the
expected short-term change In average blood lead concentratlons for adults IS two
tlmes the change In ambient concentratlon, or 2 2llg/dl For children, similarly,
It IS 4 4 Ilg/dl

Table 11 Reduction In Blood Lead Concentrations Due
To Reducing Lead In Gasoline A Hypothetical Example

Leaded gasoline sales
Lead concentration In gasoline
Annual lead emiSSions
Avg lead concentration In air

Effect of reducing lead to 0 15 g/liter
Annual lead emiSSions
Change In lead concentration In air
Change In blood lead adults
Change In blood lead children

Values

1000
07
700
14

550
1 1
22
44

Units

million liters per year
grams per liter
tons Pb per year
grams per cubic meter

tons Pb per year
grams per cubic meter
microgram per deCiliter
micrograms per deCiliter
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Figure 11 Blood Lead Concentration In Children Vs
Quarterly Sales Of Lead In Gasoline, Chicago, USA
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In a number ofU S cities, average blood lead concentratlons have been related
directly to changes In total consumptlon oflead In gasolIne In Chicago (Figure
11), a reductlon of 300 tons per quarter In gasolIne lead (1200 tons per year)
resulted In a reductlon of 5 Ilg/d1 In the average blood lead concentratlon of
children In a lead screening program In New York City (Figure 12), a reductIOn
of 550 tons per quarter gave an average reductlon of7llg/m3 In children's blood
lead concentratlon
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Figure 12 Blood Lead Concentration In Children Vs
Quarterly Sales Of Lead In Gasolme, New York City, USA
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54 Assessmg The Health Benefits OfLead Phaseout
Numerous stud1es have documented the effects of lead on human health
Major reV1ews of these studIes have been carned out by the US EPA
(1986), World Health OrganlZanon (1995), and the Cal1forma Office of
Health Hazard Assessment (Ostro et al, 1997) The mam adverse health
effects assoc1ated w1th lead exposure m chddren are neurodevelopmental
damage, resultmg m lowered mtelhgence, mcreased mCldence of behavIOral
problems, mcreased nsk of learnmg d1sabI1lt1es, mcreased nsk of heanng loss,
and mcreased nsk of fa1lure m school In adults, lead exposure 1S lmked to
mcreased blood pressure, leadmg to mcreases m the mCldence of hyperten
SIOn, cardIOvascular dlness, stroke, and premature death Lead and the lead
scavengers ethylene d1chlonde and ethylene dibromide are also conSIdered
poss1ble human carcmogens, but the nsk of cancer from emISSIOns assocIated
w1th lead m gasolme 1S much less than the nsk of cardIOvascular mortal1ty
due to hypertensIOn

5 4 1 Lead And Neurodevelopmental Effects In Chtldren
All of the recent reV1ews oflead and ItS health effects agree m concludmg that
chddren wIth blood lead concentranons exceedmg the "level ofconcern" ofabout
10 flg/dl can suffer 1mpaIrments m the development of the1r central nervous
system and other organs, 1mpaIrments m cogmnve funcnon, and mcreased nsk
ofbehavIOral problems The Impairment m cognltlve functIOn 1S most read1ly
measured by comparmg results on standard1zed mtelhgence tests Performance on
these tests has been shown to be a good pred1ctor oflater achIevement m school,
and to be correlated w1th hfenme earmngs (Schwartz et al , 1985)

Schwartz (1994a) conducted an extens1ve meta-analys1s ofthe studIes lmkmg
lead m blood WIth chl1dren's IQ He concluded that there 1S a h1ghly slgmficant
assoClanon between blood lead levels and IQ m chddren, and that th1S aSSOCla
non was robust to changes m model formulanon, study type, and potennal
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Data suggest that the
damaging effects of
lead on 10 extend to
blood lead levels as
low as 1~g/decillter

In addition to Its
health effects, lead In

the blood can affect
children's 'ifetime
earnings

confoundmg factors For an mcrease m blood lead concentratIOn from 10 to 20
rg/decllIter, the meta-analysIs predicted a decrease m mean IQ of2 57 +1- 0 41
pomts, or 0 256 IQpomts per rg/dl

Schwartz also found that the results do not support the potential eXistence of a
blood lead "threshold" below whIch no sIgmficant harm occurs To the contrary,
the data suggest that the damagmg effects oflead on IQ extend to blood lead
levels as low as 1rg/decIllter, and that the slope of the lead/IQ curve may even be
hIgher at low levels of lead exposure Ifcorrect, thiS would Imply that there IS no
acceptable level oflead exposure, and that every effort should be made to reduce
even low levels of ambient lead

Acceptmg Schwartz's analySIS, a 1 rg/dl change m the mean blood lead concentra
tion of preschool chIldren would be expected to shift the mean IQ of the same
children by 0256 pomts It IS not clear to what extent thiS effect IS reversIble
that IS, whether It IS pOSSible to Improve the mental performance of chIldren
exposed to hIgh blood lead concentrations dunng the cntlcal early chIldhood
years by reducmg their lead exposure later m life There IS some reason to believe
that a sIgmficant part of the damage IS permanent that IS, that chIldren exposed
to hIgh blood lead concentrations from btrth to age SIX years are unlikely to
recover their full mental function, even If thiS exposure IS subsequently reduced

WhIle the effect of blood lead on IQIS too small to be measurable many
mdlvldual chIld, the Implications for the population of chIldren as a whole
may be slgmficant In particular, a shift m the mean of the mtellIgence
dIstnbutlon may have a dlsproportlonately large Impact on the numbers of
chIldren claSSified as learnmg-dlsabled (with IQs less than 80) or gifted
(With IQs exceedmg 120)

Schwartz (1994a) also estimated the effects oflead exposure on schoolmg and
lifetime earnmgs ofchIldren m the Dotted States For people of near-normal
mtellIgence, the effect ofIQ on earnmgs was estimated at approximately a 0 5
percent change m lifetime earnmgs per one pomt change m IQ However lead
exposure m chIldren also reduces the chance ofsuccessfully completmg school
whICh tends to reduce both wages and the probability ofemployment Takmg
these effects mto account, the present value of the total loss m earnmgs per rg/dl
oflead m blood was calculated at approximately 0 6 percent of the total expected
value oflifetime earnmgs

The change m the number oflearnmg-dlsabled and gifted children due to a lead
mduced shift m mean IQ can also be calculated Ostro (1997) mdlcates that IQ
IS normally dIstnbuted, With a mean of 100 and a standard deViatIOn of 16
FIgure 13 shows the projected effects ofchanges m blood lead concentration on
mean IQ, and on the percentage oflearnmg-dlsabled and gifted children, based
on thiS distribution function
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Figure 13 Effect Of Changmg Average Blood Lead Level
On Percentage Of Learmng-Dlsabled And Gifted Children
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5 4 2 Lead And Blood Pressure In Adults
Numerous studIes (Schwartz et al, 1985, EPA, 1990, WHO, 1995, Ostro
et al, 1997) have shown a correlation between blood lead concentrations m
adults (especIally males aged 40 to 59) and blood pressure The general
relationshIp IS that a doublmg of blood lead concentratIOn (e g, from 5 to
10 llg/dl, or from 10 to 20) IS assocIated wIth an mcrease m diastoltc blood
pressure of 1 9 mm of mercury (Hg) ThIs dIrectly mcreases the probabIltty
ofhypertensIOn (defined as diastoltc blood pressure exceedmg 90 mm Hg), and
mdirectly mcreases the chance ofstroke, heart attack, and premature death Smce
both the relations between lead and blood pressure and those between blood
pressure and the dIfferent health outcomes are nonlmear, calculatmg the change
m the mCIdence of each outcome IS compltcated Ostro et al (1997) gIve the
follOWing equation for hypertensIOn

6H = (1 + exp-(-2 74+b (In PbBl») 1_(1 + exp-(-2 74+b (In PbB2))) I (1)

where
6H IS the change In the probabulty of hypertensIOn due to lead phaseout
PbB liS the present mean blood lead concentration
PbB2 IS the mean blood lead concentration expected after lead phaseout
b IS a regressIOn coefficient, equal to 0 79 +/- 0 48 (95% confidence Interval)

The change m blood pressure due to a change m blood lead concentration IS
gIven by Ostro et al (1997) as

6DBP = 274 (In PbB1 -In PbB2) (2)

where
6 D BP IS the change In diastolIc blood pressure due to lead phaseout
PbB1 and PbB2 are the lead concentrations In the blood before and after lead
phaseout

IMPLEMENTER S GUIDE TO PHASING OUT LEAD IN GASOLINE 63



~ I I

The effects of
Increased lead blood
levels are about tWice
as great In men as
women

The probablltty that a middle-aged man will die dunng the next 12 years IS
affected by his dIastolic blood pressure For white males In the UnIted States,
aged 40 to 59, thiS probability IS gIVen by Ostro et al (1997) as

6M = (l + exp-( 532 + b(DBP1))) 1 - (l + exp-(-5 32 + b(DBPl») I (3)

where
6M IS change In the probability of death (from all causes) dUrIng the next 12

years
DBPI = diastolic blood pressure associated with present lead exposure
DBP2 = diastolic blood pressure after lead phaseout equal to DBP2 + 6DBP

b =regressIOn coefficient equal to 0035 +/- 0 14

For women aged 40 to 59, they estimate that the effect will be half that for
men

Table 12 shows how thiS calculation would be done for the hypothetical case
outlined In Table 11 The average blood lead concentration among adults In
thiS case IS assumed to be 10 pgldl, and the mean diastolic blood pressure IS
assumed to be 85 mm Hg (a more accurate calculation would consider the
actual dlstnbutlon of blood pressure levels among the population) The
phaseout of leaded gasoline would reduce the mean blood lead concentration
by about 2 2 pgldl The resulting change In blood pressure IS then calculated
from EquatIOn 2 EquatIOn 3 IS then used to calculate the probablltty that a man
aged 40 to 59 Will die Within the next 12 years, based on thIS blood pressure
level Finally, the total change In annual mortality IS calculated by dIVIding thiS \
value by 12 For women, the change IS assumed to be half as much (Ostro et al ,
1997)

Table 12 Calculating The Reduction In Mortality Due
To A Hypothetical Reduction In Blood Lead Concentration

Current Blood Lead Level (ug/dl) 100
Current Mean Blood Pressure (mmHg) 850
Pro] 12 Year Mortality 875%
New Blood Lead Level (ug/dl) 78
New Mean Blood Pressure (mmHg) 843
Pro] 12 Year Mortality 856%

AVOided Deaths/Million PersOl1sNear
Males 4059 157
Females 40 59 78

5 4 3 Lead And Cancer
A number of the compounds associated WIth leaded gasoline and ItS emis
SIOns are classed as known or potentIal carcinogens These Include lead Itself,
the lead scavengers ethylene dibromide and ethylene dlChlonde, and such com
bustIOn products as 1,3 butadiene, benzene, formaldehyde, and acetaldehyde

Table 13 lists these compounds, along with the estimated carcinogenIC potency
ofeach Although benzene and formaldehyde have received more attentIOn, 1,3
butadIene IS actually much more Important In terms ofcancer nsk, accounting
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for two-thirds of the estImated cancer cases due to toxiC air contamInants from
gasolIne vehicles In the United States (U S EPA, 1993)

Overall, the cancer nsk due to motor vehicle emiSSiOns is low relative to the
fisk of non-cancer health effects For the United States, the total number of
cancer cases due to gasolIne-related mobile source emiSSiOns, based on
upper-bound limitS on carCInogeniC potency, was calculated at 459 per year,
WIth 1,3 butadIene accountIng for 304 of these For non-catalyst vehicles,
the relatIve Importance of 1,3 butadIene is even greater

The arguments of lead addItlve suppliers, among others, have created public
concern over a purported mcrease In cancer fisk due to Increased benzene
emiSSiOns WIth unleaded gasolIne These arguments are InvalId for several
reasons

• IncreasIng benzene and other aromatIC compounds IS
only one of several optiOns for makmg up the dIfference
In gasolIne octane due to the elimInation of lead (see
Chapter 2)

• Benzene emISSiOns from motor vehIcles would be unlikely
to Increase even If unleaded gasolIne contained more
benzene and aromatics ThIS is because total hydrocarbon
emISSiOns tend to be lower WIth unleaded gasolIne (see
Chapter 8)

• Most Important, overall cancer fisk would be reduced due to
the reductIon In other carCInogeniC compounds, especIally
1,3 butadIene and lead

There IS also some eVIdence that MTBE, a gasolIne addItlve often used as a
substItute for lead, may be weakly carcInogenic, although a formal determInation
of Its carcmogeniClty has not been made Relatively little MTBE survives the
combustion process, however In emISSiOn measurements on non-catalyst
MeXican vehIcles USIng fuel WIth 7 percent MTBE by volume, MTBE made up
only about 2 7 percent of the exhaust hydrocarbons (IMP, 1994) Because
blendIng MTBE reduces benzene and 1,3 butadIene emiSSiOns, it is estimated to
create a net reductIon In cancer nsk (California EPA, 1998)

Table 13 Carclnogemc Compounds ASSOCiated
With Gasoline Combustion

UmtRlsk Cancer Est Cases Typical Non Catalyst EmiSSions·
Compound 95% US Class In us+ mglkm benzeneeq

1 3 8utadlene 2 80E 04 A 304 88 2954
8enzene 8 30E 06 82 70 83 83
Formaldehyde 1 35E 05 81 44 79 128
Acetaldehyde 220E 06 82 53 NA NA
Inorganic lead 1 20E 05 82 48 69
Ethylene dlbromlde 710E 05 NA NA
Ethylene dichloride 2 20E 05 NA NA

Average of 19 non catalyst vehicles In MeXICO (IMP 1994) Fuel was 1 4% benzene 18%
aromatics and 10% oleflns
+ U S EPA (1993)

To calculate the potential change In cancer InCldence due to gasolIne composItlon
changes resultIng from lead phaseout, it is necessary to know the eXistIng levels
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ofexposure to gasolme-denved carcmogens ThIs can be estImated by aIr dIsper
SiOn modelmg or by dIrectly measunng ambient concentratIons A procedure for
makmg such measurements IS given by EPA (1997)

Unless a major non-gasolme emISSiOn source IS present such as a chemIcal
plant, gasolme combustIon IS the mam contnbutor to lead, benzene, and 1,3
butadIene 10 the urban atmosphere (EPA, 1993) As a first approXimatIOn,
therefore, one can estImate the effects of a change 10 gasolme composItIon by
multIplymg the measured or estImated ambIent concentratIons of benzene
and 1,3 butadIene 10 the atmosphere by the percentage change m these
emiSSIons from gasolme vehicles To the extent that other sources contnbute
to these pollutants, thiS wIll overestImate the Impact of the change 10

gasolIne composItIon

Ambient benzene concentrations 10 urban areas of the Umted States range
from about 4 to 7 Ilg/m3, whIle 1,3 butadiene concentrations range from 0 12 to
o56 Ilg/m3 In Bangkok, a nsk assessment by the U S Agency for International
Development estimated ambient concentrations at 3-14 Ilg/m3for benzene and 2
Ilg/m3 for 1,3 butadiene In Australia, the average ratio of 1 3 butadiene to

benzene concentratiOns 10 a traffic tunnel was 021 To Illustrate the potentIal
Impacts ofa change m gasolme composltlon, mltlal concentratiOns of 10 Ilg/m3

for benzene, 2 Ilg/m3 for 1,3 butadIene, and 1 4 Ilg/m> for lead were assumed As
an extreme example It was assumed that the changes 10 gasolme formulatIon due
to lead phaseout mcrease benzene emiSSiOns by 50 percent, while reducmg 1,3
butadIene emISSIOns by 7 percent and lead emiSSiOns by 100 percent It was
further assumed that MTBE concentratiOns mcrease from zero to 15 Ilg/m3 as a
result of the lead phaseout The total population of thIS hypothetical CIty, 5
mIllIon persons, IS assumed to be exposed to these changed concentrations

Table 14 shows the resulting change 10 cancer nsk In thIS case, the small
mcrease 10 cancer fIsk due to the higher benzene concentration IS more than
offset by the reductIons 10 1,3 butadiene and lead, resulting 10 a net reduc
tion m the 95 percent upper-bound fIsk of cancer of 0 8 cancer cases per
year out of 5 mIllIon persons exposed Compared WIth the changes 10 lead
related non-cancer mortalIty calculated m Section 5 4 these Impacts are neglI
gible

Table 14 Example Of Change In Cancer Risk
Due To Lead Phaseout

UmtRlsk* Concentration (lJg/m3) Cancer InCidence {casesfyearf

95% Upper
Compound Bound Before After Before After

1 3 Butadiene 2 80E 04 20 186 400 372
Benzene 8 30E 06 100 1500 59 89
Inorganic Lead 1 20E 05 1 4 000 12 00
MTBE 1 70E 07 00 1500 00 02

Total 471 463

95% upper bound estimate of the risk of acquiring cancer due to exposure to 1 IJg/m
3
concentra

tlon over a 70 year human lifetime
+ Unit risk x concentration x 5 000 000 exposed population 170 years
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5 5 EconomicValue OfReducmg Adverse Health
Impacts

As oudIned earlIer, reducIng lead emISSiOns can be expected to result In
quantlfiable reductlons m hypertensIOn, stroke, heart attacks, and premature
death III adults, an mcrease m the average mtellIgence and Improvements m the
learmng performance ofchIldren born m the future, and a future reductlon m the
number ofmentally handIcapped chIldren In order to compare these benefits
WIth the costs ofphasmg out lead m gasolme, It IS useful to express these benefits
m monetary terms In other words, It IS necessary to place an economIC value on
such IntangIbles as death and dIsabIlIty, or at least on the aVOIdance of these
problems

A lower bound for the economIC value to SOCIety of aVOIdIng premature
death, dIsabIlIty, or Illness can be establIshed by consldenng the dIrectly
measurable costs of medIcal treatment for Illness and compensatory educa
tlon to overcome learmng disabIlmes, as well as the calculable costs oflost wages
or reduced earmng power However, these dIrectly calculable economIC losses are
only a small part of the entlre pIcture, as they fail to account for the mherent
value that people place on theIr lIves and those of theIr loved ones, or for the
harm suffered to peoples enjoyment of lIfe due to dIsease or dIsabIlIty

A fundamental tenet ofeconomICS IS that the value ofanythmg IS determmed by
what people WIll pay for It Although money IS certainly not an adequate
measure of the gnefand loss suffered by someone who IS cnppled or the famIly
ofsomeone who dIes prematurely due to stroke or heart attack brought on by
hypertensiOn, or ofa mentally handIcapped chIld, It IS pOSSIble to measure the
amounts that people are wIllmg to pay to reduce theIr nsk ofsuffenng such
hazards (or, alternatlvely, the amounts that they are WIllIng to accept as compen
satlon for bearmg an mcreased nsk) By assessmg thIS "WIllIngness to pay"
(WTP) to reduce nsk, or the compensatIon demanded to accept an mcreased
nsk, It IS pOSSIble to assess the value that people place on redUCIng theIr nsks of
death or Illness

Most of the avaIlable WTP studIes have focused on the value to be Imputed to
reducmg the nsk of premature death, as thIS IS generally the dommant factor m
the calculatIon ofhealth benefits MaddIson et al (1997), In a study for the
World Bank, revIewed the lIterature on the WTP to reduce the nsk ofdeath, and
have adapted the results to the condmons common In developIng countnes In
developed countnes such as the Umted States, the Imputed value ofa statIstIcal
lIfe saved (VOSL) has been estlmated at around US $3 6 mIllIon ThIS should
not be mterpreted as the "value" ofsavmg anyone mdlvldual lIfe - a quantIty
that mvolves both theoretIcal and moral problems Instead, It should be mter
preted as the value Imputed to reducmg the nsk ofpremature death by a small
mcrement for a large populatIOn - for example, the value of reducmg by one
chance m a mIllIon the nsk expenenced by one mIllIon persons MaddIson et al
suggest that thIS value should be reduced to $3 2 mIlliOn for pollutIon-related
deaths m the Umted States, because the people at greatest nsk are generally older,
WIth fewer years of lIfe remaInmg than those dymg as a result of traffic aCCIdents
or mdustnal hazards

People's wIllmgness to pay to reduce nsks depends on theIr mcome - countnes
WIth hIgher mcomes are generally wIllIng to pay more For thIS reason, VOSL
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Most of the calculable
economic benefits due
to lead phaseout result
from the reduced nsk
ofpremature mortality
for adults, and the
Improvement In

educational perfor
mance and future
productivity and
earnings of children

One researcher found
that the benefits of
reducing blood level
concemratlons In U 5
children by 1 J..1g/dl
would have a net
present value of nearly
$7 billion For adults,
this figure exceeds $10
bIllion

estimates for developmg nations tend to be lower than those for the United
States In their work for the World Bank, Maddison and coworkers denved
VOSL values for Cities representing a range ofmlddle-mcome and lower-mcome
countries These mcluded Santiago de Chile, Shanghai, Manila, and Mumbal
Other VOSL estimates have been developed by Conte Grand (1998) for Buenos
Aires, and Shetty et al (1994) for Bangkok

Most of the calculable economIC benefits due to lead phaseout result from
the reduced fISk of premature mortality for adults and the Improvement m
educational performance and future productivity and earnmgs of children
Schwartz (1994b) reviewed all of the mam health effects of lead m an
attempt to quantify the SOCietal benefits of reducmg lead emiSSIOns m the
United States With respect to the economic Impacts of neurobehavlOral
problems m children, Schwartz calculated the combmed effects of lower IQ,
reduced probability of completmg school, and reduced partiCipation m the
workforce due to a 1 pg/dl mcrease m blood lead concentratIOn as a reduction of
US $1300 (06 percent) m the net present value ofhfetlme earnmgs for a child
turnmg 6 years ofage

Table 15 summanzes the results of Schwartz's calculations As thiS table shows
Schwartz calculated the net present value ofmcreased earnmgs due to reducmg
blood lead concentrations m U S children by 1 pg/dl to be more than US $5 0
billion per year Total benefits to children were calculated at $6 9 billIOn, With
reduced mfant mortality accountmg for more than $1 1 billIOn, and reductions
m the costs ofmedical care and compensatory educatIOn accountmg for $0 8
billIOn For adults, Schwartz valued the total benefits at $10 6 billIOn, of whICh
$9 9 billion IS attnbuted to reduced mortality, $0 6 billion to medical cost
savmgs, and $0 1 billIOn to lost wages due to Illness Thus these two mam
effects account for more than 85 percent of the total benefit In calculating these
values, Schwartz used a VOSL estimate for the United States of $30 millIOn for
both mfants and adults, whICh IS toward the low end of the range of recent
VOSL estimates

Table 15 Estimated Benefits Of RedUCing Blood Lead
Concentrations In The Umted States By 1 0 IJg/dl

Nationwide Benefits (millions of US$)

Adults Children

Premature mortality 9900 Medical costs 189

Medical costs Compensatory education 481
Hypertension 399 Lifetime earnings 5060
Heart attacks 141 Infant mortality 1 140
Strokes 39 Neonatal care 67

Lost wages Total children 6937
Hypertension 50
Heart attacks 67
Strokes 19

Total adults 10615 Combmed population 17,552

Source Schwartz (1994b)
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6. CONDUCTING A COST-BENEFIT
ANALYSIS

The selectIon of a lead phaseout strategy should take mto account the costs
and benefits of the dIfferent alternatIves, and such consIderatIons as techm
cal and polItIcal feaSIbIlIty, the legal baSIS for the strategy, eqUIty among
vanous SOCIal sectors, and acceptabIlity to polltlcal decIsIOn makers and the
publtc Ideally, the strategy selected should be the one wIth the greatest net
benefits among those strategIes that are techmcally feaSIble, legally vIable,
eqUItable, and acceptable

ThIs chapter first explams the purpose of a cost-benefit
analySIS and descnbes the mam components ofa lead phaseout
cost-benefit analySIS

N ext, It dIscusses the speCIfic lead phaseout strategIes
Implementers should conSIder m theu cost-benefit analyses,
stressmg the mclusIOn of a strategy where lead content IS
reduced as much and as qUIckly as pOSSIble

Last, thIs chapter shows how the benefits and costs of lead
phaseout are calculated under two hypothetIcal strategIes a
near-term strategy that seeks to reduce the lead content of
gasolme as qUIckly as pOSSIble, and a longer-term strategy
that delays lead phaseout untIl new refinery process UnIts
can be constructed

The Steps In Selecting A Lead Phaseout Strategy

1 Identify alternative phaseout strategies
First, Implementers should Identify a number of alternative phaseout
strategies that are technically feaSible and legally Viable

2 Assess net costs to the public and the public health benefits of
each strategy

In this step, Implementers should seek to quantify, to the extent pos
Sible, the SOCial costs and benefits of each strategy

3 Select preferred phaseout strategy
Last, Implementers should assess the strategies to determine which of
them are technically feaSible, legally Viable, eqUitable, and acceptable
to deCISion makers and the public, and from them, select the strategy
With the greatest net benefits

6 1 Cost-Benefit AnalySiS And Strategy Selection
Cost-benefit analySIS IS a techmque for companng the costs and the benefits
of alternatIve courses of actIon, conSIdered from the viewpomt of the SOCIety
as a whole (For the purposes of cost-benefit analySIS, "SOCIety" can be
conSIdered to compnse the entIre human populatIon affected POSltlvely or
negatIvely by a gIven deCISIOn - for mstance, the entIre natIOnal populatIon
If a deCISIOn IS of natIonal Importance)

IMPLEMENTER'S GUIDE TO PHASING OUT LEAD IN GASOLINE 69



- r I

I I,

1-

Cost-beneftt analysIs
helps Implementers to
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Untted States was
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action and In reversing
polIcIes that had
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leaded gasolme

The purpose of cost-benefit analysIs IS to determine the course of action that will
result In the greatest net benefits (that IS, total benefits minUS costs) for the
society In question While not infallible, a ngorous cost-benefit analysIs can help
government leaders and legislators to aVOid costly errors and to make the best use
ofhmlted resources Cost-benefit analysIs IS especially useful In setting pnontles
and maktng decIsIOns In the envIronmental field Such decISIons often Involve
sIgmficant economIC costs, whIle the benefits of Improved health and well-beIng
may be more dIfficult to quantify WhIle cost-benefit analysIs cannot substitute
for value Judgments or moral decIsIOns, It can often help to clanfy such Judg
ments and the stakes Involved In such deCISIOns

By providing a clear quantificatIOn and companson of the costs and benefits
of a gIVen deCISIOn, cost-benefit analysIs can also help to resolve controvefSles,
overcome OppOSItiOn, and secure public and polItIcal support for poliCIes
that are clearly Justifiable on cost-benefit grounds For example, the ngorous
cost-benefit analysIs performed for the proposed phaseout of leaded gasoline
In the Umted States (Schwartz et al, 1985) created a strong consensus for
ImmedIate actIOn, and led to a sharp reversal In the eXIsting policy, whICh
had prevIOusly been to weaken controls on leaded gasoline Such a consensus
would have been very dIfficult to develop In the absence of the clear conclu
SIons denved from the cost-benefit analysIs

6 2 Cost-Benefit ComparIson OfAlternatIve StrategIes
A cost-benefit analysIs of alternative lead phaseout strategies should begIn
WIth a defimtlOn of the dIfferent strategies under conSIderatIOn The analyst
should then seek to quantIfy, to the extent possIble, the SOCIal costs and
benefits of each strategy

In evaluating SOCIal costs, cost-benefit analysts normally focus on the actual
consumption of resources (labor, goods, and servICes) avaIlable to SOCiety,
excluding from consIderatIOn the effect of transfer payments These payments
shift resources from one economIC actor to another, but do not dIrectly
reduce the overall stock of goods and servICes avaIlable
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SOCial Costs Vs Transfer Payments

The socIal cost of a lIter of gasolIne In the refinery or In the
port IS generally evaluated as equal to the amount that a
country would have to pay to purchase It from abroad (In
the case of ImportIng natIOns) or would receIve from sellIng
It abroad Instead of USIng It at home (In the case of export
ers) In both cases, thIs amount IS the International pnce of
gasolIne, adjusted for applIcable transport costs

The transportatIOn, dIstnbutIOn, and retaIl marketIng of
gasolIne also Involve the consumptIOn or exclusIve utilIzation
of socIal resources such as labor, transport, buIldIngs, and
land, resultIng In real socIal costs that must be taken Into
account In the cost-benefit analySIS, where appltcable In
contrast, a government tax on gasolIne does not result In the
consumption of resources, but only transfers them from the
consumer payIng the tax to the government It IS thus a
transfer payment, not a cost

In the case of lead phaseout, the pnncipal SOCIal cost wIll be the Increase In
the cost of prodUCIng gasolIne of a speCIfied octane qualIty, whIle the prInCI
pal benefits wIll be the reductIOns In the adverse health effects due to lead
exposure and the saVIngs on automotive maIntenance costs expenenced by
vehicle owners Methods for estimatIng the change In refimng costs due to
lead phaseout were discussed In Section 27, whIle a method for quantIfYIng
the maIntenance benefits was demonstrated In Section 3 4 Because both
refimng costs and maIntenance benefits are expressed In monetary terms,
theIr quantification IS relatively straightforward, and does not depend on
questions of values (however, because of the compleXity of the refimng sector,
conSIderable effort may be reqUIred to arnve at an accurate estimate of
refimng cost changes)

QuantIfjrIng the health benefits of lead phaseout IS more compltcated, as
these benefits are very much hnked to human values As outlIned In Chapter
5, the maIn Identifiable health benefits due to lead phaseout are the reduc
tions In the InCIdence of hypertenSIon, stroke, heart attack, and premature
mortalIty due to lower blood lead concentratIons In adults, In chIldren, they
Include reductions In the loss of IQ potnts (and assOCiated earnIng power)
and decreased InCIdence of developmental dlsabIlltles Of these, the changes
In adult mortality and chIldren's average IQ account for most of the benefits
that can be quantified and expressed In monetary terms In the Interest of
saVIng analytical tIme, the analyst may WIsh to confine hIS or her attention to
these factors WhIle omIttIng other, smaller health benefits from conSIder
ation wIll tend to bIas the overall estimate downwards, thIS IS unlIkely to
affect the ultimate conclusIOns, as even very conservative estimates of the
benefits of lead phaseout have generally exceeded the costs by a factor of 10
or more
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In their cost-benefit
analyses, Imple
menters should
consider at least one
strategy In which the
lead content In eXisting
leaded gasoline
grades IS reduced as
much as possible and
as qUickly as possible

63 PotentIal Lead Phaseout StrategIes
Potential strategies for lead phaseout were discussed m Section 2 7 In
general, It IS recommended that the cost-benefit analyst consider several
different lead phaseout strategIes mvolvmg different genenc approaches to
meeting the octane defiCit due to removmg lead The additional refinmg
costs mvolved In each strategy, as well as any mcremental costs for fuel
transportatIOn, dlstnbutlon, and marketing, should be taken mto account
These should then be compared with the benefits of reduced automotive
mamtenance costs, reduced mortality m adults, and Improved mtelhgence m
children If adequate analytical resources are aVailable, other benefits can also
be mcluded These mclude the savmgs m medICal costs due to reduced
mCIdence of hypertensIOn, stroke, and heart disease, reductions m the cost of
remedial educatIOn for children, and reductions In the cost of medical
treatment for lead tOXICity

The speCific lead phaseout strategies to be conSidered m each case wIll
depend on each country's situation ItS gasoline consumption levels, gasolme
sources (especially the degree of reliance on local refinmg), the equipment
already mstalled at local refinenes, plpelme and port capaCity, and related
Issues It IS strongly recommended, however, that the set of lead phaseout
strategies conSidered mclude at least one strategy m whICh the lead content
of eXlstmg leaded gasoline grades IS reduced as qUIckly as pOSSible, and by as
much as pOSSIble - USIng measUles such as the blendmg of Imported MTBE,
alkylate or other high-octane blendstocks, revampmg of catalytIC reformers,
and other steps as necessary to achieve the greatest pOSSible lead reduction m
the shortest time Although thIs rapid phaseout approach wIll often result In
higher gasoline production costs than a slower approach based on upgradIng
refinery processmg eqUIpment, the benefits ofearlter reductton m lead emzsszons
usually outwezgh the addzttonal costs

6 4 Example OfCost-Benefit ComparIson
ThiS section presents an example of a cost-benefit companson for the hypo
thetical case and two hypothetical strategies developed m preVIOUS chapters

Hypothetzcal case Chapter 5 estimated the probable reductIOns m ambIent
lead levels and average blood lead concentrations due to a given reduction m
total lead emiSSIOns m a hypothetical CIty

Hypothettcal strategtes SectIOn 2 7 developed costs for two hypothetIcal lead
phaseout strategies

• A near-term strategy usmg MTBE and Imported high-octane blendIng
components, along with mcreased reformer seventy and some upgradIng
of reformer catalyst, to reduce the lead content of regular gasolme to a 1
g/liter while elimmatmg lead entirely from premIUm gasolIne

• A longer-term strategy to achieve higher octane levels by addmg new
refinery process umts such as ISOmenZatlon, alkylation, and catalytic
reformIng
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Below, these two hypothetIcal strategies are applIed to this hypothetICal case
EXistIng gasolIne sales under the status quo are assumed to compnse 500
mIllIon lIters of regular and 500 millIOn lIters of premIUm per year, With
lead contents of 0 7 gllIter In each case

In the first, or slow phaseout strategy, refiners begIn plannIng and bUIldIng new
process UnIts In Year 1, In order to be able to elImInate the need for lead
addmves begInnIng In Year 4 In the second qUIck phaseout strategy refiners
also begIn plannIng and bUIldIng process UnIts In Year 1 to eltmInate all
need for lead In Year 4 In the meantIme, however, they carry out the near
term strategy outlIned In SectIon 2 7 - blendIng MTBE and Imported hlgh
octane components Into both regular and premIUm grades, thus redUCIng
annual lead emissions In the hypothetIcal City from 700 tons to 50 tons
Table 16 shows the effect of each strategy on ambient lead concentratIOns
and average blood lead levels among adults and chIldren

Table 16 Effect Of Lead Phaseout StrategIes On
Blood Lead Concentrations HypothetIcal Case

Values Units

Leaded gasoline sales 1000 million liters per year
Lead concentration In gasoline 07 grams per liter
Annual lead emiSSions 700 tons Pb per year
Avg lead concentration In aIr 1 4 grams per cubiC meter

Effect of Low-Lead Regular With Unleaded Premium

Annual lead emiSSions 650 tons Pb per year
Avg lead concentration In air 1 3 grams per cubiC meter
Avg lead In blood adults 26 micrograms per deCiliter
Avg lead In blood children 52 micrograms per deCiliter

Effect of Eliminating Lead

Annual lead emiSSions 700 tons Pb per year
Avg lead concentration In air 1 4 grams per cubiC meter
Avg lead In blood adults 28 micrograms per deCiliter
Avg lead In blood children 56 micrograms per deCiliter

To complete the benefits assessment, It IS necessary to estImate the effect of
the change In blood lead concentratIons among adults on the mortality rate,
and thus to calculate the number of premature deaths aVOIded under each
strategy

Table 17 shows the results of thiS calculatIon The reductIOn In mortality
among adults aged 40 to 59 can then be multIplted by the number of
people In that age cohort to calculate the change In the total number of
deaths

Calculattng the benefits to adults In order to express the benefit of thiS
mortality reductIon In monetary terms, the change In the number of deaths
per year must be multIplIed by an estImate of the value of a statIstICal ltfe
(VOSL) For thIS hypothetICal case, it was assumed that the total SIze of the
cohort aged 40 to 59 IS 500,000 persons For conservatIsm, a relatIvely low
value for VOSL of US $200,000 was assumed ThiS IS the value suggested
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for Shanghai, Mamla, and Mumbal by Maddison et al (1997) The benefits
calculated m this way amount to about US $ 30 mllllOn per year, as shown
m Table 18

Table 17 Effect Of Changes In Adult Blood Lead
Concentrations On Mortality Hypothetical Case

Current blood lead level (I-Ig/dl)
Current mean blood pressure (mmHg)
Pro] 12 year mortality
New blood lead level (1-I9/dl)
New mean blood pressure (mmHg)
Pro] 12 year mortality

AVOided deaths/million persons/year
Males 40 59
Females 40 59

Low Lead

100
850

875%
74
842

852%

190
95

Zero Lead

100
850

875%
72
841

850%

207
103

Table 18 Calculation Of Population-Wide
Health Benefits Hypothetical Case

Low Lead Zero Lead Units

Change In lead emissions 650 700 tons per year
Change In adult blood lead 26 28 mIcrograms per deCIliter
Adults 40 59 affected 500 000 500000 persons
Change In mortality 40 59 142 155 deaths /year
Assumed value of statistical life $200 000 $200000 US$
Monetized adult benefit $28 $31 mlllionUS$

Change In child blood lead 52 56 micrograms per deciliter
Change In avg child 10 133 143 10 points
Change In avg lifetime earmngs 312% 336%
Monetized benefit/child $1248 $1344 US$
Children affected 100000 100 000 persons
Total child 10 benefit $125 $134 mllilonUS$

Total health benefits $153 $165 million US$

Calculattng the benefits to chzldren Table 18 also shows how to calculate the
benefits of reduced blood lead m chddren Here, the mam effect IS the
mcrease m average IQ, and thus the mcrease m the present value of hfetIme
earnmgs Schwartz (l994b) calculated thiS benefit as 06 percent of lifetime
earnmgs per flg/dl of blood lead at age SIX The net present value ofhfetIme
earnmgs was assumed to be US $40,000 m thiS case about one-slXth of the
estimate developed by Schwartz for the Umted States ThiS IS consistent With
the assumption of a relatively low mcome level, as m Shanghai or Manda
The resulting change m hfetIme earnmgs IS somewhat more than 3 percent,
for a total of around $1300 per six-year old chtld Here, It was assumed that
100,000 chtldren turn 6 years old each year, glVlng a net benefit m the
neighborhood of $130 mdhon The benefits are shghtly less for the low-lead
strategy, and shghtly more for the zero-lead strategy
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Results Table 19 compares the overall costs and benefits ofeach strategy To
slmplIfY the calculatlon, the costs of the refinery mvestment are assumed to
be mcluded m the cost of the fuel (from Table 6), and are not accounted for
separately As th1s table shows, the slow phaseout strategy results m no
d1fference m fuel cost or lead em1SSlOns durmg the first three years, and thus
no dIfference m the costs or benefits compared to the status quo Once the
lead phaseout takes effect m Year 4, however, the net benefits amount to us
$206 mdlIon per year

In thIS hypothetlCal case, the change m gasolme costs 1S very small compared
to the health benefits, or even to the reductlon m veh1cle mamtenance costs
alone Although the qUIck phaseout strategy results m hIgher near-term costs
of gasolme productlon, the benefits of rapIdly reducmg lead emISSlOns are
more than 14 tlmes greater than these costs, resultmg m net benefits of US
$180 mIllIon per year The d1fference m the total net present value of
benefits, compared to the slow phaseout scenarlO, 1S $447 mIllIon

Table 19 Cost-Benefit Comparison Of Lead
Phaseout Strategies Hypothetical Case

Yr 1 Yr 2 Yr 3 Yr 4 Yr 5 5 yr NPV

Status Quo

Added gasoline costs (million US$) a a a 0 a $0
Vehicle malnt saving (million US$) a 0 a 0 a $0
Lead emiSSions (tly) 700 700 700 700 700
Health benefits (million US$) a 0 a 0 a $0

Slow Phaseout

Added gasoline costs (million US$) a 0 a 0 62 $8
Vehicle malnt saving (million US$) a 0 a 0 47 $61
Lead emiSSions (tly) 700 700 700 700 a
Health benefits (million US$) a 0 a 165 165 $216
Total benefits compared to status quo a 0 a 206 206 $269

QUick Phaseout

Added gasoline costs (million US$) 136 136 136 62 62 $42
Vehicle malnt saving (million US$) 40 40 40 47 47 $161
Lead emiSSions (tly) 50 50 50 a a
Health benefits (million US$) 153 153 153 165 165 $597
Total benefits compared to status quo 180 180 180 206 206 $716
Total benefits compared to slow phaseout 180 180 180 a a $447
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7. CHOOSING POLICY INSTRUMENTS
The pohcy mstruments avaIlable for ImplementIng a lead phaseout strategy
depend on the legal system, the ownershIp structure of any eXIstmg refiner
Ies, and the pohcy and!or regulatory framework govermng motor vehIcle
fuels and theIr dIstnbutIon

Examples of tnstruments Some of the most Important mstruments avaIlable
for lead phaseout mclude

• Dtrect actton Governments can take dIrect actIOn when they own or
control the refinery, or when they purchase fuel for the country's own
use Examples of dIrect actIon mIght mclude directmg a state-owned
refinery to reduce Its use of lead, or speCIfy-mg low-lead or unleaded
gasolme for government purchases

• Regulatory "command and control" measures Examples of these
mstruments mclude hmltlng the maximum lead content of gasolme, or
prohIbltlng Imports of lead addltlves and gasolme contammg them

• Market-based mcenttves Examples of these mstruments mIght mclude a
tax on lead addltlve Imports, on leaded gasolme, or (preferably) on the
lead content of gasolme

• Publtc mformatton measures These mstruments, whIch are dIscussed m
Chapters 10 and 11, mclude such actIOns as requmng gasolme lead content
to be posted at the servICe statIon, pubhclZlng the adverse health Impacts of
lead from gasolme, and makmg consumers aware of the savmgs m
mamtenance costs possIble WIth low-lead or unleaded fuel

Where legally feasIble, market-based measures are generally preferable to
command-and-control regulatIons The declSlon to add lead to gasolme IS an
economIC one on the part of the refiner - lead IS the cheapest way of achIev
mg the necessary octane level By changmg market condltlons so that thIS IS
no longer true, refiners can be mduced to reduce, and ultImately ehmmate, lead
use as qUIckly as possIble The fleXibIlity ofmarket-based mcentIves also helps to
reduce the chances ofa regulatory mIstake - allowmg too htde tIme for the
necessary changes (and thus disruptmg the gasolme market) or allowmg too
much tIme, and thus allowmg the health damages due to leaded gasolme to
contmue longer than necessary
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After discussmg the Issues that surround the ownershIp
structure of a country's refinmg sector, thIS chapter compares
two Important polIcy mstruments that can be used m a lead
phaseout strategy

• Command-and-control mstruments, whIch mvolve the
government mandatmg the actIOns of mdustrIes or mdivIdu
als

• Market-based mcentives, whICh allow mdustrIes or mdivIdu
als more flexIbIlIty In theIr deCISIOns, but provIde Incentives
and dismcentIves for partIcular deCISIOns

It then reVIews the lessons learned from employmg these
polIcy mstruments m the UnIted States

OwnershIp structure consulerattons Where petroleum refinmg and dIstnbu
tIon are carrIed out by the prIvate sector, the mam concerns are generally to

define the qUIckest phaseout schedule achIevable WIthout dIsruptIng the
gasolme market, and to mcorporate sufficIent flexIbIlIty m the regulations to

accommodate legmmate dIfferences m the tIme penods reqUIred for dIfferent
refinenes to comply The mOnItorIng and enforcement of complIance WIth
the schedule should also receIve careful attentIon, and It may be necessary to
overcome polmcal opposmon from refinery owners Where petroleum
refinerIes are owned by the government, these Issues are generally less
dIfficult, but the mobIlIzatIon of adequate funds for refinery mvestments
may present a sIgnIficant problem

The Steps In Choosmg Policy Instruments

1 Identify legal authority
Implementers should first Identify the legal authonty or authontles
available as a baSIS for policy Instruments

2 Assess available polley Instruments
Next, they should assess the types of Instruments that are legally
permissible under the authonty(les) Identified For example govern
ment agencies often have the authonty to limit or prohibit the emiSSion
of tOXIC substances, but may reqUire new legislation In order to
change the tax rates on fuel

3 Evaluate the "fit" between strategy and Instruments
Implementers should then assess the compatibility between the
strategy chosen and the Instruments available They should carefully
review eXisting regulations and legislation to ensure that these do not
present a barner to the changes required For example, gasoline
quality regulations sometimes specify minimum as well as maximum
lead content, or they may fix maximum limits on ethers or other
components at lower levels than necessary

4 Select "best" combmatlon of Instruments
Last, Implementers should select the best combination of Instruments,
consldenng their effectiveness, costs and benefits, timing, fleXibility,
and political acceptance
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7 1 Command-And-Control Instruments
In most countnes, government agencIes already have been granted authonty
to set and enforce qUalIty and composmon standards for motor fuels They
will often have the authonty to lImIt or prohIbIt the use of harmful addmves
such as TEL The legal baSIS for such lImitatIOnS might be found either In
the demonstrable damage to human health due to lead emISSiOns, or,
alternatIvely, In the harmful effects of lead and lead scavengers on engInes

The transmon from leaded to unleaded gasolIne cannot occur overnight
Thus, command-and-control regulatIons must allow enough tIme for the
refimng mdustry to adjust to the phaseout reqUIrements The amount of
time reqUIred will vary dependIng on the SituatiOn In each country, Includ
Ing the aVaIlabIlity of excess domestic octane-producIng capaCity, the aVail
abIlity and cost of imported octane enhancers such as MTBE and high
octane gasolIne blendstocks, and the capacity of ports and transportation
systems to handle imports of these matenals

It is important that the amount of time allowed for Industry to comply not
be too short, as thiS may result In disruptiOns of the gasolIne market, whIch
In turn are lIkely to lead to a reversal of the lead phaseout declSlon on
polltlcal grounds On the other hand, the grace penod allowed for complI
ance should not be longer than necessary, In order to mimmize the adverse
Impacts on human health and the enVIronment

The example of Egypt shows that lead phaseout can proceed very qUIckly 
WIthIn a few months - given favorable CIrcumstances and adequate avaIlabil
Ity of hIgh-octane blendmg components such as MTBE The refinIng
Industry wIll generally argue for a longer grace penod Unless the agency
Involved has such expertIse In-house, it IS generally adVisable to seek the
adVice of expert consultants In determInIng the length of any grace penod
allowed, and the maximum lead levels to be allowed In gasolIne dunng the
mtenm
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Lead Phaseout In Egypt
A RapId ReductIOn Strategy Succeeds

The Arab Republic of Egypt has moved rapidly to phase out
leaded gasolme In 1994, a health fISk assessment funded
by the US Agency for International Development (USAID)
estimated that lead exposure from all media was responsible
for 6,500 to 11,600 heart attacks per year, 800 to 1,400
strokes, and 6,300 to 11,100 premature deaths among
CaIro residents aged 40 to 75 (SessIOns et al, 1994) Each
year, 820 mfants were projected to die as a result of low
bIrth weight due to maternal lead exposure, and chIldren m
Cairo were projected to lose an average of 425 IQ pomts
each Annual mean concentrations of airborne lead m Cairo
ranged from 05 to 10 jlg/m3 at dIfferent momtonng sites
About two-thIrds of the lead emISSIOns were estimated to be
due to leaded gasolme The remammg third was estimated
to be due mostly to the recyclmg of lead-acId battenes m
secondary lead smelters - all of whIch lacked emiSSIOn
controls, and many of whIch were located m reSIdential
areas

In response to thIS assessment, the Mmlstry of Petroleum
dIrected the state-owned refimng mdustry to eltmmate lead
addltlve use as rapidly as pOSSIble By makmg process
changes and blendmg 15 percent MTBE m gasolme, the
Egyptian refinmg mdustry was able wlthm SIX months to
elimmate lead from 85 percent of the gasolme sold m Egypt,
and to eltmmate all sales of leaded gasolme m the CaIro
Metropolitan Area The remammg 15 percent of leaded fuel
IS produced by two refinenes m upper Egypt, and It IS
expected that these wIll be upgraded to eltmmate the need
for lead antlknocks by mld-2000

To reduce exposure to other sources of lead, the Egyptian
Government has adopted and IS m the process ofcarrymg out a
Lead Abatement Action Plan With aSSIstance from USAID ThiS
plan prOVides for the closure of most secondary lead smelters m
the Cairo Metropolitan Area, With the remamder bemg relo
cated to mdustnal dIstricts and eqUipped With modern emiSSIOn
controls

When designing
phaseout regulatIons,
Implementers should
consider ways to
monItor and enforce
compltance
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In deslgnmg lead phaseout regulations, Implementers should conSider the
mechamsms that wIll be used to confirm compliance With the limItS on lead
use, and to take appropnate legal enforcement action agamst refiners or
Importers who are found to be m VIOlation of the limits These mechamsms
should generally mclude mandatory reportmg of lead Imports by refiners
and lead vendors, and mandatory reportmg of lead concentrations m gasolme
produced or Imported The agency responsible should check the accuracy of
these reports by obtammg and analyzmg actual gasolme samples at the port,
at the refinery, and at the servIce station
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7 2 Market-Based Instruments
WIth proper desIgn, market-based or mcentIve measures can have a number
of advantages compared to tradmonal "command and control" regulatIons
These mclude greater fleXIbIlIty, lower economIC costs overall to achIeve the
same or greater emISSIon reductIon, reduced admmlstratIVe burden, reduced
nsk of economIC damage due to regulatory mIstakes, greater transparency,
and reduced scope for corruptIon and malfeasance m theu admmlstratIon

DespIte these advantages, however, most air qUalIty management programs
gIve too httle attentIon to market-based mstruments Often, the reasons for
thIS neglect are pohtIcal - concerns that the use of such measures may allow
nch people to "pay to pollute," or that they wtll dlsproportlonately affect the
poor When Implemented appropnately, however, market-based measures
can benefit the poor, both duectly (by reducmg theIr exposure to aIr pollu
tIon and the consequent health damages), and mduectly (through a better
economIC cltmate, leadmg to mcreased growth, and by mcreasmg the
financIal resources aVailable to government for palhatIve measures)

EconomIc mcentIves can take a number of forms These mclude subSIdIes or
tax reductIons for envuonmentally desuable actIOns, fees or mcreased taxes
on actIons that are envuonmentally undeSIrable, and tradmg schemes, m
whIch dIfferent actors may buy or sell permIts or quotas related to pollutant
emISSIons Of these, subSIdIes are generally not recommended for promotmg
lead phaseout, because of the potentIally large demand they would make on
scarce pubhc resources, and the large potentIal for abuse Taxes and tradmg
schemes are recommended for conSIderatIon, however

Fees and taxes Of the pohcy mstruments avatlable, fees and taxes have
probably been the least used However, such taxes offer great potentIal In
contrast to SubsIdIes, "Plgouvian" or "green" taxes can serve a dual purpose
by actIng as a disencentIve to pollutmg conduct, whIle at the same tIme
contnbutmg to overall pubhc revenue Such taxes can be especIally effectIve
when - as IS the case WIth lead m gasolme - the pollutmg actIons are bemg
undertaken for economIC reasons

A Pigouvian tax IS Imposed to "mternallze" the external costs of an actIVIty
that results m pollutIon or other externalmes Externalmes occur where the
pnce of an aCtIVIty as perceIved by the declSlon maker dIffers from the cost of
that actIVIty to SOCIety as a whole For example, the cost to a motonst of
dnvmg a car does not mclude the Impacts of air pollutIon, congestIOn, nOlse,
etc, that are borne by others By taXIng eIther the externality-producmg
aCtIVIty (e g, dnvmg) or a closely-assocIated mput or output such as fuel, a
Pigouvian tax IS mtended to change the pnce sIgnals seen by an mdividual
deCISIOn maker so that they more closely apprOXImate the real costs to
SOCIety In thIS way, the chOIces made by the deCISIOn-maker are hkely to be
closer to those that would be optImal for the SOCIety as a whole

The theory and potentIal apphcatIons of Plgouvlan taxes to pollutIon control
have been studIed by World Bank economIsts (Eskeland and DevaraJan,
1996) Lead m gasolme IS espeCIally well-SUIted for control by means of a
Pigouvian tax, as the level of pollutIon IS dIrectly related to the amount of
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lead used, which IS readily momtored both at the port (for Imports of TEL)
and In the fimshed gasoline

Ideally, the rate of tax on lead used In gasoline would be equal to the eco
nomIC dlsbenefits (costs) Imposed by ItS use For example, In the hypotheti
cal case outlined In the preceding chapter, total lead emiSSIOns of 700
millIOn grams per year resulted In health damages eqUivalent to us $165
millIOn ThIS would JUStify a tax rate of $0 236 per gram of lead ($165
mIlllOn/700 millIon grams) In practice, such a hIgh tax rate would lIkely
disrupt the gasoline market If It were Imposed suddenly Even a much lower
tax rate, on the order of $0 10 per gram, would more than offset the saVing In

refimng costs due to lead use, and would serve as a strong inCentIve to
refiners to reduce their lead use as qUickly as possible At the same time, the
funds mobilized by the tax could be used to set up an effective monitoring
and enforcement program, to fund publICIty campaIgns and for other
purposes In connectIOn with the phaseout of lead In gasoline If necessary,
some of the funds raIsed In thIS manner could be used to finance the needed
Investments In refinery process umts

Lead "nghts tradmg " If a Pigouvian tax on lead IS not feasible, the trading of
"lead nghts" may provide an alternative mechamsm for introdUCing flexibil
Ity Into the lead phaseout process In thiS approach, regulators fix a lImIt on
the average lead content of each refinery's gasoline productIOn If a refinery
produces gasoline With a lower lead concentration than the maximum, It can
sell to another refinery the nght to produce gasoline containing a corre
sponding amount of lead In excess of the maximum To guard against abuses,
such trading requires careful safeguards and effective venficatlon mecha
msms If properly Implemented, however, lead nghts trading can make It
possible to achieve much faster reductions In lead use than would be possible
If all gasoline producers had to meet the same lead lImits Without trading

The lead nghts trading approach was used by the EPA as part of Its lead phaseout
plan In the 1980s The expenence With lead nghts trading In the Umted States IS
summanzed In the next section

In the United States,
the allowable lead
content m leaded
gasoltne was reduced
to 1 1 gram per gallon
by 1982 and to 0 1
gram per gallon m
1986 By 1995, sales of
leaded gasoltne were
banned

7 3 Lessons From The U S ExperIence
The U S expenence In pha~Ing out leaded gasoline IS descnbed by NIChols
(undated) In the 1970s, average lead concentrations measured In U S cIties
often exceeded EPA's 3-month average aIr quality standard of 1 5 Ilg/m' (today,
It IS recogmzed that even thiS standard IS insuffiCIently protective of human
health) The mandatory sale of unleaded gasoline was Introduced In 1974, In
order to meet the needs of cars equipped with catalytIC converters At that time,
leaded gasoline contained an average of2 4 grams oflead per gallon (0 63 g/iiter)
and average blood lead concentrations among children In major cItIes were
around 20 Ilg/dl

Through a phased program, the allowable lead concentration In leaded
gasoline was reduced to 1 1 gram per gallon (0 29 gil) by 1982 ThiS rule
also Introduced the trading of lead nghts between refinenes so that a
refinery that was able to produce gasoline containing less than 1 1 gram per
gallon could sell the excess "lead nghts" to another refinery that needed
them By 1984, about half of the refinenes In the Umted States were partlcl-
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patIng In thiS market, wlth the larger, more complex refinenes generally sellmg
lead nghts to smaller refinenes that had less capabihty to produce high-octane
gasolIne through process changes (Nichols, undated)

In 1984, EPA carned out a major cost-benefit evaluation of further lead
reductiOns (Schwartz et al, 1985) This study concluded that the benefits of
further redUCIng lead use In gasolIne greatly outweighed the costs, and that
allowable lead concentrations should be reduced to a mInimUm as qUickly as
possible A final rule was promulgated In March 1985, reducipg the allow
able lead concentration to 05 gram per gallon m July 1985 and to 0 1 gram
per gallon (0026 gil) on January 1, 1996 The declSlon to reduce the
allowable lead content to 0 1 gram per gallon Instead of zero was due to

Widespread pubhc concern (fomented by the lead Industry) over the poten
tial for damagIng valve seat receSSiOn to occur In older engmes The allowable
concentration was retained at thiS level unttl leaded gasolIne sale was finally
banned in 1995, pursuant to the 1990 reViSiOns to the Clean Au Act

An important feature of the 1985 regulatiOn was the provlSlon allOWIng
refiners to "bank" unused lead nghts for later sale or use At the time the rule
was promulgated, many refinenes had the capaCity to produce gasolme
containIng substantially less than 1 1 gram per gallon By redUCing their
lead use in advance of the legal hmit, they were able to store up lead nghts
for the future, when they would be more valuable As discussed in Chapter
2, the nonlInear relationship between lead and octane means that the benefit
of gomg from 0 1 to 0 2 grams of lead per gallon is much greater than the
octane loss due to gomg from lIto 1 0 gram per gallon Thus, lead nghts
saved when the maximum hmlt was 1 1 g/gallon became much more
valuable when it dropped to 0 1 gram/gallon

EPA estimated that the tramng and bankIng of lead nghts would save
between US $173 and $226 milliOn between 1985 and 1988, or about 10
percent of the total cost of complyIng With the rule dunng that penod
(Nichols, undated) In fact, the actual use of lead bankIng was even greater
than projected by EPA's analySiS, and it seems hkely that the overall costs
were lower as a result More importantly, the mcorporation of lead tradmg
and banking proViSiOns made it feasible for small, Simple refinenes to comply
With the phasedown rule by buymg lead nghts from larger refinenes Had
thiS not been allowed, the prospect that some small refinenes would be
dnven out of busmess would hkely have resulted either m a delay m the
phasedown, or a speCial exemptiOn for small refinenes that would have
allowed them to continue to produce high-lead gasolIne for some time

IMPLEMENTER'S GUIDE TO PHASING OUT LEAD IN GASOLINE 83

p- Ir-, I ,

The mcorporatlon of
lead trading and
banking proVISions m
EPA's rule allowed small
refmerles to stay m
busmess Without
delaymg the phase
down or permlttmg
them to contmue to
produce high-lead
gasoline



8. MONITORING COMPLIANCE
Samphng and checks, whlCh confirm that the gasolme sold actually comphes
WIth the lead hmlts and qUalIty specIfications m effect, are an mtegral part of
a lead phaseout strategy A statistical samplmg procedure should be set up
that IS adequate to ensure that any sIgmficant cheatmg or noncomphance IS
detected To guard agamst adulteratIOn or smugglmg, gasolme samples
should be collected for analySIS at retall servIce statIOns as well as at the
refinery and/or port of Importation As an addmonal check on lead addmve
use dunng the lead phaseout process, authormes may wIsh to establIsh
speCIal procedures for momtonng the Importation and use of lead addmves
Smce only a few chemIcal companIes produce these extremely hazardous
compounds, momtonng lead addmve shIpments should not be dIfficult

ThIs chapter presents mformation on standard samphng and
analytical procedures for lead, gasolme octane, and gasolIne
properties and composltlon, together WIth mformatIon on the
laboratory equIpment reqUired and thelf costs

The Steps In MOnltormg Compliance
1 Identify monitoring needs
The mOnltonng requirements Implementers should Identify Include the
number of samples and the types of locations to be sampled to
ensure adequate coverage This will Involve a tradeoff between
enforcement costs and adequacy of control

2 Identify legal authority/requirements for monitoring gasoline
composition

Implementers should Identify the legal authority that Will mOnitor fuel
compOSition, InclUding any ongoing mOnitoring efforts

3 Identify Institutional and physical requirements for momtorlng
In this step, Implementers should Identify the eqUipment and person
nel reqUired for the monitoring program and the sources of finanCing
for any new equipment or personnel needed

4 Identify responsibilities for momtoring and enforcement
Here, Implementers should Identify the institutional responsibilities of
the personnel Identified In Step 3

5 Plan and Implement gasoline monitoring and enforcement
program

Based on the Information developed, the Implementer should work
with the organizations responsible for enforcement to prepare a
detailed plan for the enforcement program, obtain any necessary
authorizations or approvals, and Implement the program

6 Identify and prosecute violators
The program should Include prOVISions for Identifying and prosecuting
Individuals who are violating the lead phasedown reqUirements

7 Follow up to ensure program effectiveness
Once the program IS underway, the Implementer should follow up to
confirm that mOnitoring IS being done according to the plan
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8 1 Gasolme Samplmg
The samples collected must be truly representative of the gasolme m question A
deta1led descnptlon of the procedures for obtammg representatlve samples of
gasolme for Re1d vapor pressure measurements can be found m the U S Code of
Federal Regulatlons (CFR 40, Part 80, Append1x D) The CFR can be accessed
on the World W1de Web at wwwaccess gpo gov Gasolme samples obtamed by
these procedures can also be analyzed for other propernes of1nterest

Recently, EPA proposed to mod1fy Append1x D to allow the use of samplmg
procedures developed by the Amencan Soc1ety for Testmg and Matenals
(ASTM) The mam standard for gasolme samplmg 1S ASTM D-4057-95
(Standard for SamplIng Petroleum and Petroleum Products) The other
ASTM standards mvolved mclude D-4177-82 (Standard for Automatlc
Samplmg), D-5842-95 (Standard Practlce for Samplmg and Handlmg of
Fuels for Volatliity Measurement), and D-5854-96 (Standard PraCtlce for
MlXlng and Handhng L1qUld Samples of Petroleum and Petroleum Prod
ucts)

8 1 1 Samphng PrecautIOns
Numerous precautlons are reqUlred to ensure that the character of the
samples 1S representatlve These depend upon the tank, carner, contamer or
hne from wh1ch the sample 1S bemg obtamed, the type and cleanlmess of the
sample contamer, and the samplmg procedure that 1S to be used A summary
of the samplmg procedures and the1r apphcanon 1S presented m Table 20
Each procedure 1S sUltable for samplmg a matenal under defilllte storage,
transportatlon, or contamer condmons The baste pnnc1ple of each proce
dure 1S to obtam a sample m such manner and from such 10catlOns m the
tank or other contamer that the sample w1l1 be truly representatlve of the
gasohne

Table 20 Summary Of Gasoline Sampling
Procedures And Applicability

Type of Container Procedure

Storage tanks ship and barge tanks tank Bottle sampling
cars tank trucks
Storage tanks With taps Tap sampling
Pipes and lines Continuous line sampling
Retail outlet and wholesale purchaser Nozzle sampling
consumer faCility storage tanks

8 1 2 Samplmg Terms
A descnpnon of terms shows the complex1ty mvolved m samplmg

• Average sample 1S one that cons1sts of proportlonate parts from all sectlons
of the contamer

• All-levels sample 1S one obtamed by submergmg a stoppered beaker or
bottle to a pomt as near as poss1ble to the draw-off level, then openmg
the sampler and ralSlng It at a rate such that It 1S 70-85 percent full as 1t
emerges from the hqUld An all-levels sample 1S not necessanly an average
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sample because the tank volume may not be proportIonal to the depth and
because the operator may not be able to raIse the sampler at the varIable rate
reqUIred for proportionate filling The rate of filling IS proportIonal to the
square root of the depth of ImmerSIOn

• Runnmg sample IS one obtaIned by lowenng an unstoppered beaker or
bottle from the top of the gasoline to the level of the bottom of the
outlet connection or SWing line, and returning It to the top of the
gasoline at a umform rate of speed such that the beaker or bottle IS 70
S5 percent full when wIthdrawn from the gasoline

• Spot sample IS one obtaIned at some specIfic location In the tank by
means of a thIef bottle or beaker

• Top sample IS a spot sample obtained 6 Inches (150 mm) below the top
surface of the hqUId

• Upper sample IS a spot sample taken at the mid-point of the upper thud
of the tank contents

• Muldle sample IS a spot sample obtaIned from the middle of the tank
contents

• Lower sample IS a spot sample obtained at the level of the fixed tank
outlet or the SWing hne outlet

• Clearance sample IS a spot sample taken 4 Inches (100 mm) below the
level of the tank outlet

• Bottom sample IS one obtaIned from the matenal on the bottom surface of
the tank, contaIner, or hne at its lowest POInt

• Dram sample IS one obtaIned from the draw-off or discharge valve
Occasionally, a draIn sample may be the same as a bottom sample, as In
the case of a tank car

• Conttnuous sample IS one obtaIned from a pipelIne In such a manner that
It gIves a representative average of a moving stream

• Mzxed sample IS one obtaIned after mrxmg or vigorously stIrnng the
contents of the ongInal contaIner, and then pounng out or drawing off
the quantity desued

• Nozzle sample IS one obtaIned from a gasolIne pump nozzle whIch dispenses
gasohne from a storage tank at a retaIl outlet or a wholesale purchaser
consumer facIlIty

Other Important aspects to be conSIdered are sample contaIners (including
cleaning procedure), sampling apparatus, time and place of sampling,
handling, ShIPping, labeling, and testing procedures

The duectIOns for sampling cannot be made exphclt enough to cover all
cases Extreme care and good Judgment are necessary to ensure samples that
represent the general character and average condltlon of the matenal Clean
hands are Important Clean gloves may be worn but only when absolutely
necessary, such as In cold weather, when handling matenals at hIgh tempera
ture, or for reasons of safety Select wlpmg cloths so that hnt IS not Introduced,
contamInatmg samples
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I I 8 2 Measurmg Lead In Gasolme
EPA has approved three methods for measunng lead m gasolme For details
on any of these methods, consult The Umted States Code of Federal Regula
tions Title 40 Part 80, Appendix B This document can be downloaded from
the World Wide Web at 1) http Ilwww legal gsa gov, or 2) http I I
wwwepa gov/docs/epacfr40/chapt-I mfol

In usmg any of the three methods, care should be taken to collect and store
samples m contamers that will protect them from changes In the lead
content of the gasolIne such as from loss of volatile fractions of the gasolIne
by evaporatIOn or leachIng of the lead Into the contaIner or cap SInce metal
cans are sometimes sealed with lead solder, It IS preferable to collect samples
m glass bottles If samples have been refngerated, they should be brought to
room temperature (250 CelSIUS) pnor to analysIs

Also, gasolIne IS extremely flammable and should be handled cautiously and
with adequate ventilation The vapors are harmful If Inhaled, and a pro
longed breathIng of vapors should be aVOIded Skm contact should be
mInimized

8 2 1 Standard Method Test By AtomlC AbsorptIOn Spectrometry
This method determInes the total lead content of gasolIne The method
compensates for vanatlOns In gasolIne composltlon and IS Independent of
lead alkyl type The gasolIne sample IS diluted with methyl Isobutyl ketone
(MIBK) and the alkyl lead compounds are stabilIzed by reaction With IOdIne
and a quarternary ammomum salt The lead content of the sample IS then
determmed by atomic absorption flame spectrometry at 2833 A, USIng
standards prepared from reagent-grade lead chlonde Usmg this treatment,
all alkyl lead compounds gIVe an Identical response

The eqUIpment needed to perform thiS method Includes an atomic absorp
tion spectrometer, volumetnc flasks, pipettes, and mlCroplpettes ThiS
method IS now rarely used, SInce automatic eqUIpment for lead determIna
tion IS readIly avaIlable

8 2 2 Automated Method Test By Atom1c Absorptl0n Spectrometry
ThiS method IS very simIlar to the one above, and has largely replaced It In
practice The maIn difference IS that an automated system IS used to perform
the dIluting and the chemICal reactions, and to feed the products to the atomic
absorption spectrometer ThiS method reqUIres an auro-analyzer system and an
atomic absorption spectroscopy detector system

8 2 3 X-Ray Spectrometry
As with the other two methods, thiS determmes the total lead content of
gasolIne It IS msensltlve to vanatlons In gasolIne composltlon, and IS Inde
pendent of lead alkyl type

A portIOn of the gasolIne sample IS placed m an appropnate holder and
loaded Into an X-ray spectrometer The ratio of the net X-ray Intensity of the
lead L alpha radiation to the net Intensity of the Incoherently scattered tungsten
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L alpha radIatIon IS measured The lead content IS determ10ed by reference to a
lmear calIbratIon equatIon that relates the lead content to the measured ratIo
The mcoherently scattered tungsten radIatIon IS used to compensate for vana
tIons 10 gasolme samples

The pnmary apparatus needed for usmg thIS method IS an X-ray spectrometer It
IS recommended that the OptIcal path 10 the spectrometer be hellUm mstead of
aIr The use ofaIr produces ozone, and could also pose flammabIlIty problems If a
contamer wIth a sample ofgasolme ruptures

8 3 Octane Measurements
There are two ASTM methods for measunng the antIknock qUalIty 10
gasolme ASTM D 2699 (Test for Knock CharactenstIcs of Motor Fuels by
the Research Method), and ASTM D 2700 (Test for Knock CharactenstIcs
of Motor and AVIatIOn-Type Fuels by the Motor Method) Both methods
reqUire the use of a speCial smgle-cylmder laboratory engme WIth a varIable
compreSSIon ratio, known as a CFR engme The Research Method (whIch
results 10 the RON) sImulates dnv10g under mIld condltlons, whIle the
Motor Method (whIch results 10 the MaN) SImulates more severe condI
tIons, as well as operatIOn under load or at hIgh speeds Both methods relate
the knockmg charactenstIcs of the test gasolme to that of two pure fuels ISO
octane (2,2,4 tn-methyl pentane) and n-heptane These are defined to have
octane numbers of 100 and zero, respectIvely

The octane number of a gasolIne IS measured by determm10g the compres
SIOn setting on the laboratory engme at whIch the knock begms to occur
when operatmg on the test gasolme ThIS IS then compared to the compres
SIOn settmgs at whIch known mIxtures of Iso-octane and n-heptane begm to
knock The octane value IS equal to the percentage of octane 10 the mIXture
Thus, a gasolme blend that knocks at the same compressIOn sett10g as a
mIXture of 80 percent Iso-octane and 20 percent n-heptane would have an
octane rating of 80

8 4 Gasolme COmpOSItIOn
ThIS sectIOn summarIzes the measurement of the reformulated gasolme fuel
parameters followed by EPA The entire document IS the Umted States Code
of Federal RegulatIons (CFR) TItle 40 Part 80, 1Oclud1Og appendIXes A
through G ThIS document IS avaIlable through the World-WIde Web at the
follow1Og addresses (other addresses are also avaIlable)

http Ilwww legal gsa gov, or
http Ilwww epa gov/docs/epacfr40/chapt-I mfol

ASTM documents can be obtamed through the Amencan SOCIety for Test10g
and Matenals ASTM can be contacted VIa the World-WIde Web at the
followmg address http Ilwww astm org, or at theIr phySIcal address ASTM,
100 Barr Harbor Dnve, West Conshohocken, PennsylvanIa USA 19428
2959
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841 Sulfur
Sulfur content IS determined uSing ASTM standard method 0-2622-92,
entitled 'Standard Test Method for Sulfur In Petroleum Products by X-Ray
Spectrometry"

8 4 2 Olefins
Olefin content IS determined uSing ASTM standard method 0-1319-93,
entitled 'Standard Test Method for Hydrocarbon Types In Llqmd Petroleum
Products by Fluorescent Indicator Adsorption" The gas chromatographIC
method described below for aromatics can also be used to determine olefin
content

8 4 3 ReId Vapor Pressure (RVP)
Reid vapor pressure IS determined uSing the procedure deSCribed In the U S
CFR Title 40 Part 80, AppendiX E, Method 3 (Evacuated Chamber
Method) In which a known volume of atr-saturated fuel at 32-400 F (0-4 40 C)
IS Introduced Into an evacuated, thermostatically controlled test chamber, the
Internal volume of whICh IS or becomes five times that of the total test specimen
Introduced Into the test chamber After the inJection, the test specimen IS
allowed to reach thermal eqmlibrlum at the test temperature, 1000 F (37 80 C)
The resulting pressure Increase IS measured With an absolute pressure measunng
deVice whose volume IS Included In the total of the test chamber volume The
measured pressure IS the sum of the partial pressures ofthe sample and the
dissolved atr The total measured pressure IS converted to Reid vapor pressure by
use ofa correlation equation

8 4 4 Dlsttllatton
DistillatIOn parameters are determined uSing ASTM standard method 0
86-90 entitled "Standard Test Method for Distillation of Petroleum
Products' EPA has determined, however, that the figures for repeatability
and reproduCIbility given In degrees Fahrenheit In Table 9 In the ASTM
method are Incorrect, and are not to be used

845 Benzene
Benzene content IS determined uSing ASTM standard method 0-3606-92,
entitled "Standard Test Method for Determination of Benzene and Toluene
In Finished Motor and AViation Gasoline by Gas Chromatography", except
that Instrument parameters must be adjusted to ensure complete resolutlon
of the benzene, ethanol and methanol peaks because ethanol and methanol
may cause Interference With ASTM standard method 0-3606-92, when
present

8 4 6 AromatIcs
AromatiCs content IS determined by gas chromatography Identifying and
quantifying each aromatic compound as set forth In either of the two methods
deSCribed In the US CFR Title 40, Part 8046 The eqmpment used IS an
atomic gas mass spectrometer detector
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The first method for determmmg aromatic content mvolves developmg a three
component mternal standard, where a curve is developed usmg calibration pOints
for each level ofa partIcular peak m the mstrument's calIbration table The
response of the compound m a sample IS dIVIded by the response of the mternal
standard to proVIde a response ratio for that compound m the sample A cor
rected amount ratIO for the unknown IS calculated usmg the curve fit equation
determmed earlter Fmally, the amount of the aromauc compound IS equal to the
corrected amount ratIO urnes the amount of the mternal standard The total
aromaucs m the sample IS the sum of the amounts of the mdividual aromauc
compounds m the sample

The second method uses a percent normalIzed format to determme the
concentratIOn of the mdividual compounds No mternal standard IS used m
thIS method The calculation of the aromatic compounds IS done by develop
mg calibration curves for each compound usmg the type fit and ongm
handlmg specIfied m the Instrument's calIbration table The percent normal
Ized amount of a compound IS calculated usmg an equauon, where the total
aromaucs is the sum of all the percent normalIzed aromauc amounts m the
sample

ThIS method allows the quanuficauon of non-aromatic compounds In the
sample Correct quantIficatIOn can only be achIeved, however, If the
mstrument's calIbration table can Identify the compounds that are respon
SIble for at least 95 volume percent of the sample

Last, there IS an alternauve test method (allowed by EPA pnor to September
01, 1998) ASTM standard method D-1319-93, entItled "Standard Test
Method for Hydrocarbon Types m LIqUId Petroleum Products by Fluores
cent Indicator Absorpuon " ThIS method, whICh is still used by EPA for
determmmg olefin content, is consIderably less expenSIve, but less accurate
m Idenufymg aromatic compounds

8 4 7 Oxygen And Oxygenate Content AnalYSIS
Oxygen and oxygenate content are determmed by gas chromatography,
usmg an oxygenate flame IOnIZatIOn detector (GC-OFID) as set out m US
CFR TItle 40, Part 8046 The eqUipment needed for performmg thIS
method mcludes a gas chromatograph eqUipped with an oxygenate flame
IOnIZatIOn detector, an autosampler (hIghly recommended), a non-polar
capIllary gas chromatograph column O&W DB-lor eqUivalent), an mtegra
tor to process the gas chromatograph SIgnal, and a posltlve dIsplacement
pIpet

ThIS method IS a smgle-column, duect-mJectIOn gas chromatographIc
technIque for quantlfymg the oxygenate content of gasolIne, where a sample
of gasolme IS spiked to mtroduce an mternal standard, mIXed, and mJected
mto a gas chromatograph (GC) eqUipped WIth an oxygenate flame IOnIZatiOn
detector (OFID) After chromatographIc resoluuon, the sample components
enter a cracker reactor m whICh they are stOichIOmetrIcally converted to
carbon monoxIde (m the case of oxygenates), elemental carbon, and hydro
gen The carbon monoxIde then enters a methanizer reactor for converSIOn to
water and methane Fmally, the methane generated IS determmed by a flame
IOnIZatIOn detector (FID)
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Because gasoline IS
extremely flammable
and Its vapors are
harmful If Inhaled, It
must be handled
cautiously and only In
areas with adequate
ventilation
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SpeClal care should be taken when collectmg and handlmg gasolme samples
Samples must be collected and stored 10 contamers whlCh will protect them from
changes 10 the oxygenated component contents of the gasolme, such as loss of
volatile fractlOns of the gasolme by evaporation If samples have been refnger
ated, they must be brought to room temperature (250 de) pnor to analysIs
Also gasolme IS extremely flammable and should be handled cautlOusly and wIth
adequate ventIlatlOn The vapors are harmful If mhaled and prolonged breathmg
ofvapors should be aVOided Skm contact should be mmimized

8 5 Laboratory EqUlpment And Costs
Table 21 lIsts the laboratory eqUipment most commonly used 10 lead
samplmg and the average pnces of the equIpment

Table 21 Prices For Analytical EqUipment

EqUipment Cost (SUS)

Lead
Method 1 (manual)

AtomiC absorption spectrometer N/A
Method 2 (automatic)

AtomiC absorption spectrometer system $20000
Method 3 (can measure sulfur too)

X ray spectrometer (helium optical path) $110000 $200000

Sulfur (can measure lead too)
X ray spectrometer $80000 $200000

Olefins
Fluorescent Indicator adsorption $200

Reid Vapor Pressure
Grabner $15000

Distillation
Special distillation apparatus (manual) $12000
(automatic) $15000 $20000

Benzene and Oxygenates
Gas chromatograph + OFID $50000

Aromatics
Gas mass spectrometer $80000
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9. CONDUCTING FOLLOW-UP
EVALUATION AND REPORTING

Followup mOnItonng and evaluatIOn are needed to ensure that the lead
phaseout program achIeves Its goals, and to demonstrate to deCISIOn makers
and the publIc that these goals have been achIeved

ThIs chapter reVIews the procedures avaIlable for measunng lead
concentratIons m human blood and ambIent au

The Steps In Follow-Up Evaluation And MOnltormg

1 MOnitor trends In ambient lead and other air pollutants
In addition to monItoring changes In the lead content of gasoline,
Implementers should assess the changes In concentrations of lead
and other pollutants In ambient air

2 MOnitor trends In human exposure to lead
Implementers should also assess the changes In the distribution of
blood lead concentrations among the exposed population, particularly
children, that result from the phaseout program

3 Evaluate the effectiveness of the phaseout program
Implementers should measure the effectiveness of the program In

terms of declines In lead concentrations In both air and human blood

4 Identify the cause of any problems found
In most cases, the followup evaluation wIll demonstrate that lead
concentrations In air and human blood have declined significantly
Should the mOnitoring show that lead concentrations In either the aIr or
the exposed populatIon have not declined as expected, It may indicate
that other sources of lead eXist and need to be Identified

5 Communicate results to the public, politicians, and legal
authorities

The information on declining levels of lead concentrations In air and
human blood should be communicated to decIsIon makers and the
public In order to maintain their support for the phaseout program

9 1 Measurmg Lead Concentrattons In Blood
Measunng blood lead concentratIOns can help to track the reductIOn m
average blood lead concentratIons due to the phaseout of lead m gasolme In
addltlon, these tests can IdentIfY mdlVlduals - especIally chIldren - who are
at nsk of health damage due to abnormally hIgh blood lead concentratIons
Such concentratIons may result either from exceSSIve exposure to airborne
lead, or exposure to other sources such as lead-based paint, Improperly
glazed pottery, or lead water pIpes Once these hIgh-fISk mdlVlduals are
IdentIfied, they or theIr parents can be counseled to reduce theIr exposure,
and medIcal treatment can be mltlated If the blood lead concentratIOns
mdlcate that treatment IS warranted

RecommendatIOns for blood lead screening have been gIVen by the Amencan
Academy of Pedlatncs (I998) The standard procedure for blood lead
measurement reqUIres a blood sample collected by venipuncture WIth
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sUitable precautions, capillary (fingerstlck) blood samples can also be used, but
these carry a greater nsk ofcontammatlon by environmental lead that may be
present on the skm (Parsons et al , 1997) The glassware, needles, and chemical
reagents used for collectmg and stonng blood must be lead-free, and each batch
should preferably be checked for lead contammatlon before use SUitable supplies
are avaIlable from a number ofcommerCial medICal suppliers

Blood lead laboratones
should establish careful
procedures to ensure
that their blood
samples are accurate

Because of the ubiqUity of lead m the environment, the contammatlon of
blood lead samples IS a common problem, and careful quality assurance and
quality control procedures are essential These should mclude analyses of
blank samples to Identify contammatlOn m the samplmg and analysIs
process Blood lead laboratones should establish careful procedures, and
participate m routme profiCiency testmg to venfy the accuracy and preCISIOn
of thelt blood lead measurements The U S Centers for Disease Control
operates a blood lead level laboratory reference system, It provides blood
samples havmg accurately known lead concentrations to more than 250
laboratones around the world (CDC, 1998) These can be used to venfy
calibrations and as reference samples for quality control purposes A list of
blood lead laboratones certified by the U S Occupational Safety and Health
AdmmlstratlOn IS avaIlable on the World-Wide Web at www osha-sIc gov/OCIS/
toc_bloodlead html

The World Health OrgamzatlOn has summanzed analytical techmques for
lead m blood (WHO, 1995) Commonly used techmques mclude atomIC
absorptIOn spectrometry, graphite-furnace atomic absorption spectrometry,
anode-stnppmg voltlmetry, and mductlvely-coupled plasma atomIC emiSSIOn
spectrometry X-ray fluorescence spectroscopy can also be used The Na
tIOnal Institute of Standards and Technology uses Isotope-dilution mass
spectrometry to establIsh accurate target values for ItS blood lead reference
matenals The U S Centers for Disease Control uses a similar method 
mductlvely coupled plasma Isotope-dilution mass spectrometry (U S CDC,
1998)

9 2 Measurmg Lead In AmbIent Au
Lead concentrations m ambient alt are measured by collecting total sus
pended particulate matter on a glass-fiber filter for 24 hours usmg a hlgh
volume air sampler, and then analyzmg the collected particulate matter for
lead The analysIs of the 24-hour samples may be performed either for
mdlvldual samples or composites of the samples collected over a calendar
month or quarter Lead m the particulate matter IS solubilized by extraction
With nItnc aCid (HN0

3
), faCIlItated by heat or by a mixture of HN0

3
and

hydrochlonc aCid (HCI) faCIlitated by ultrasomcatlon The lead content of
the sample IS analyzed by atomic absorption spectrometry The ultra
somcatlon extraction with HNO/HCI Will extract metals other than lead
from ambient particulate matter For a complete descnptlOn of thiS method,
refer to the Umted States Code of Federal Regulations Part 50, AppendiX G

The typiCal range of lead concentrations that can be analyzed usmg thiS
method IS 007 to 75 flg Pb/m3, and the typIcal sensltlvlty (for a 1 percent
change m absorption) IS 02 and 05 flg Pb/ml for the 2170 and 2833
nanometer lines, respectively A typiCal lowest detectable level IS
007 flg Pb/m3
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10. CONDUCTING PUBLIC
EDUCATION

If a lead phaseout strategy IS to be successful, It must gam the publIc's under
standmg and acceptance For thIs reason, Implementers commonly mclude
publIc educatIOn programs as part of theIr lead phaseout strategIes These
programs consIst ofefforts to generate publIc Interest m, and understandIng of,
a partIcular message They can be deSIgned and conducted by the government
alone or In cooperatIon wIth non-governmental organIZatIOns (NGOs) and/or
the pnvate sector WhIle they are often developed for a broad audIence, they
can also Include medIa commUnIcatIons targeted to a range ofdlffenng publIc
OpInIOnS More specIfic outreach and tramIng programs can be targeted to
auto mechanICs and servIce statIon attendants (LoveI, 1998)

ThIs chapter descnbes how to establIsh goals and develop
specIfic strategIes for ImplementIng a publIc educatIOn program
for lead phaseout It also revIews medIa and other techmques
for publIc commUnIcatIon

The Steps In A Public Education Program

1 Defme public education goals
An effective public education program will help assure public support for
the lead phaseout policy The program goals (' the deSired results")
should Include 1) increasing awareness and understanding of the health
and developmental problems caused by exposure to lead and 2) chang
Ing public perceptions about the ability of older vehicles to use unleaded
gasoline and the maintenance benefits of reducing or eliminating lead

2 Develop public education strategy
Once the goals are established, Implementers must deVise specifiC
strategies for achieving these goals Because strategies are likely to differ
for different audiences, It IS Important to categorize "the public" so that
messages can be tailored to the specIfiC needs and concerns of different
groups (e g parents, taxI cab drivers, service station operators)

3 Identify potential commUnication media
Next, Implementers should Identify appropriate commUnication media
chOOSing the most effective media for each audience they want to reach

4 ASSign responSibilities for communication and public education
In thiS step, Implementers assign responSibIlities for communication and
public education to the appropriate organization The orgamzatlon(s) can
Include government agencies, NGOs public relations firms, and others

5 Follow up to assess the program's effectiveness
DUring and after the public education process, followup studies should
be conducted These should assess the effort's effectiveness and
determine whether further public education efforts are required

6 Begm public education actiVities
To obtain the best results Implementers should Initiate these actiVities
well In advance of the actual lead phaseout program
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A public educatIon
strategy can both bUIld
public support for
phasmg out lead m
gasolme and reduce
OppositIon to the
phaseout strategy

Before spendmg large
sums on a public
outreach effort,
Implementers should
evaluate the publIc's
general awareness
about lead's adverse
health effects and theIr
concerns and
mlsperceptlons

10 1 Defimng The Goals Of The PublIc EducatIon
Strategy

The publICs understand109 ofa lead phaseout strategy's polICIes and programs IS
Important 10 bUlldmg polIncal support for the strategy and educatmg consumers
to change theIr fuelmg and auto mamtenance habIts PublIC educanon programs
for lead phaseout generally have two Important goals

• Increas10g awareness of the health nsks assoCIated wIth us10g leaded
gasolme and the sIgmficant SOCIal benefits of polIey measures to phase
out lead from gasolme

• Chang10g publIc percepnons that unleaded fuel wIll adversely affect
vehIcle performance and reduce gas mIleage

It IS recommended that Implementers evaluate the publIc's general level of
awareness of lead's adverse health effects as well as the level of concern and
mlspercepnon about the effects of unleaded fuel before slgmficant resources
are spent on the lead phaseout program ltself as well as related publIc
outreach efforts Because resources are typICally bmlted for outreach acnVI
ties, It IS Impowlnt to understand the audIence's level of awareness and
understandmg as fully as pOSSIble before commltt1Og to a speCIfic strategy or
approach For example, If It IS determ10ed that Opposltlon to unleaded fuel IS
less than annCIpated, then relanvely fewer dollars WIll need to be devoted to
dispell10g the myths related to poor performance

Several tools eXIst for gaug10g pubbc awareness and attltudes, 1Oclud1Og
pubbc op1OlOn surveys and focus groups

PublIC opinIOn surveys These can be expenSIve and tlme consum1Og, but
offer a systematIC way to assess WIdespread pubbc attltudes as well as to
evaluate the reacnons of dIfferent segments of the pubbc to proposed pobcles
or programs A formal effort mvolves adm10lsterIng a survey to a sample of
people through a wntten quesnonnalre or through 1O-person or telephone
10tervlews The sampl10g method IS carefully chosen to be stansncally
representanve of the publIc, and the survey results reqUIre stansncal analysIs
The results can be used to Idennfy publIc concerns, gather 1Oformatlon on
the bkely level of pubbc acceptance of a pobey or program, and also to
develop effecnve messages for pubbc 1Oformanon materIals and a media
strategy When pubbc op1OlOn surveys are repeated over nme, they can help
keep the government mformed of changes 10 pubbc knowledge of a pobey or
program, as well as any accompanymg changes 10 pubbc preferences

An mformal survey IS less expenSIve and can also be useful 10 Idennfy10g
pubbc atntudes However, Its results may not be stansncally valId

Focus groups (small group discusslOns WIth professlOnal faCIlltators who
gather opmlOns or perspectIves) are an effectlve way of gatherIng 1Oformanon
on publIc op1OlOns and concerns regard10g broad polIey or program goals
and Impacts They can be espeCIally useful for obtam1Og more detaIled
mformanon when desIgn109 a media strategy or strategIes for speCIfic groups
(see SectlOn 8 2) Focus groups are not a sUltable method for WIde pubbc
parnclpanon or to dissemmate 1Oformanon
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10 2 Developmg A Publtc Education Strategy

Once Implementers articulate the goals and develop a sound understandmg
of the pubhc's current level of awareness, they can begm to develop ap
proaches to mcrease awareness and understandmg

The aud,ences For a strategy to be most effective, It IS useful to break up the
general pubhc mto dIfferent groups or "audIences," defined on the basIS of
theIr speCIfic concerns, dnvmg or vehIcle use patterns, and access to mforma
tIon Implementers should also reVIew who IS affected by the lead phaseout
strategy mduectly, as well as those SOCIal groups or busmesses that may be
dIfficult to reach

The table below charactenzes the types of audIences that should be targeted
m the pubhc education program Each audIence segment has dIfferent
concerns or Issues, and each plays a dIfferent role m the overall success of the
lead phaseout program

SpeCIfiC Concerns or
Audience Segment Issues Potential Role

General Public Doesn t perceive lead as a Can be a powerful force
health threat lobbying for change

Parents Concerned about their Can be Instrumental In
chlldrens health and welfare pushing for lead

phaseout

Motonsts Concerned about keeping Account for major share
gasoline prices low of gasoline consumption

as well as new/used car
Concerned about changes purchases and demand
that would adversely affect for vehicles and
vehicle performance or gas maintenance services
mileage

Service Station Operators Concerned that the need to Because of role In the
supply unleaded gasoline supply chain can be key
Will disrupt normal opera to dellvenng publiC
tlons and Increase costs of education messages and
dOing bUSiness to the overall program s

success

Fleet Owners and Operators Particularly concerned about Can represent a Significant
(e g taxi cab drivers keeping operating costs low portion of the driVing
government agencies) vehicle performance and public

access to supplies

The message Pubhc education efforts should mform the general pubhc and
speCIfic audIence segments about the senous health nsks from human exposure
to lead Education efforts should also mform the pubhc that leaded gasolme IS
the mam source oflead m the enVIronment Information about the neurotoXiC
Impacts oflead m gasolme, espeCIally ItS Impacts on the IQ development of
chIldren, can be very powerful m mfluencmg pubhc opmlOn and consumer
behaVIOr Increased pubhc understandmg ofthe sIgmficant SOCIal benefits
expected from a phaseout strategy, m terms ofgreatly reduced health and devel
opmental problems from exposure to lead, can mfluence consumer behavlOr and
also alleVIate pubhc concerns
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Sample Messages On Lead's Health Risks And The Expected
SOCIal Benefits From A Lead Phaseout Strategy

• Lead exposure In chIldren results In neurodevelopmental
damage, resultIng In lower Intelligence, Increased InCI
dence of behavIOral problems, Increased nsk of learnIng
disabIlmes, and Increased fISk of faIlure In school

• The damagIng effects oflead on the cognItive function of
chIldren begIn to occur at very low levels oflead exposure

• ReducIng the adverse health Impacts of lead exposure In
chIldren can be expected to result In an Increase In
average Intelligence and Improvements In the learnIng
performance of future chIldren, thus ImproVIng theIr
lIfetime productivIty

• Lead exposure In adults IS lInked to Increased blood
pressure, leadIng to Increases In the InCidence of hyper
tensIOn, cardIOvascular Illness, stroke, and premature
death

A publIc education strategy should also IdentIfy and address public concerns
about automobIle performance and the economIC Impacts of a lead phaseout
strategy Many of the publIc's concerns may have been exaggerated by vested
Interests In contInuIng the sale of leaded gasolIne, or by an Inmal lack of
practical or SCIentific Information to support the phaseout strategy

Sample Messages On The Effects OfUnleaded
Gasolme On VehIcle Performance

• Unleaded gasolIne does not adversely affect an engIne's
performance, and generally reduces maIntenance costs

• Even older engInes WIth soft valve seats are unlikely to suffer
adverse effects unless they are dnven contInuously at hIgh
speeds for long dIstances For the few engInes that do suffer
valve seat problems, replaCIng the cylInder head or valve seats
WIll correct the problem and keep It from recurrIng

• CatalytIc converters are not necessary for a vehIcle to use
unleaded gasolIne

• VehIcles USIng unleaded gasolIne reqUIre far less frequent
spark plug changes

• Pnce and supply Information can help allay concerns that
unleaded gasolIne wIll be too expenSIve or unavaIlable

Trammg Last, targeted traInIng programs for auto mechanICS and servICe station
operators can be an effective way to asSISt consumers In redUCIng the SenSItiVIty
ofold cars to the use of unleaded gasolIne Such traInIng can faCilitate the proper
engIne modIficatIons and maIntenance ofolder cars with engInes not desIgned for
unleaded gasolIne MechanICS and servICe station operators can also help dIssemI
nate Information to consumers about proper fuelIng practices
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103 MedIa And Other TechnIques For PublIc
CommUnICatIon

A wIde varIety of medIa and other techlllques are avaIlable to commUlllcate
wIth the publIc, as well as speCIfic groups, and delIver publIc educanon
strategIes AgencIes should develop attracnve publIc lllformatIOn materIals
that convey the approprIate messages or lllformatIOn III a fast, conCIse, and
clear way The wIder avaIlablhty of desktop pubhshlllg and lllcreaslllgly
accessIble commUlllcanon technologIes offer government agencIes more
varIed ways to capture the pubhcs lllterest effectlvely and educate them
about polICIes and programs

Some OfThe Techrnques Avatlable
For PublIc Educatlon Programs

• Newspaper lllserts and artICles

• PublIc servIce announcements and medIa advernslllg

• Brochures, flIers, and fact sheets

• Posters and bIllboards

• InformatIOn hotlllles

• SpeCIal techlllques

PublIc lllformatlon materIals are otten deSIgned to reach a broad publIc
beyond those who are dIrectly affected An emphasIs on conCIse, lllformatlve,
vISUal presentatIOns makes It easIer to reach people who have only a few
moments to catch the message Techlllcal lllformatlon and Issues should be
translated llltO terms that the publIc can easIly understand In countnes
where language may be a polltlcal Issue, USlllg mulnllllgual materIals can
demonstrate that the government IS trylllg to reach out to all socIal groups

In other lllstances, the wIde distrIbutlon of pubhc lllformanon materIals IS
ImpraCtlcal The government can make some materIals (e g, summarIes of
reports, vIdeos, exhIbIts) avaIlable upon request Other materIals, such as
pOlllt-of-sale lllformatIOn for servIce statIOns, can be targeted and customIzed
for dlsmbutlon to speCIfic groups such as motonsts

AgencIes are encouraged to seek professIOnal assIstance III crattlllg effectlve
messages and completlllg the desIgn and artwork needed to convey messages
III the most powerful and effecnve manner

All outreach materIals should provIde contact lllformatIOn so that llldlviduals
wIth addltlonal quesnons can call for more lllformatlon or assIstance More
detaIled descrIpnons of the varIOUS techlllques are provIded below

Newspaper tnserts andarttcles can be extremely effectlve III reachlllg the general
pubhc as well as speCIfic groups They are also an lllexpenSIve way to dissemlllate
lllformanon By provldlllg facruallllformanon III press releases, a government
agency can help reporters assemble artICles or news storIes that can counteract
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mlsleadmg mformatIon put forward by special mterest groups that may be
opposed to lead phaseout 6 Although government agencies have llttle control over
news stones before they are published or broadcast, they may be able to aVOid
spendmg valuable resources explammg a message or trymg to reshape public
opmlOn If they hold events targeted at the media or Issue press releases with easy
to-understand mformatIon

Publtc servtce announcements In addItIon to provldmg detatled mformatIon
that can be used as "news" m articles, government agencies can place ads or
public servICe announcements m newspapers and other media Unlike
articles, the ads would provide broad, simple messages on the benefits of lead
phaseout or the speCifics of the government's lead phaseout strategy (e g ,
pnce mformatIon, location of service stations offenng unleaded gasolme)
Often, the news media will allow the government to place ads free of charge
or at a discount More elaborate media advertIsmg schemes can to be expen
sIVe and must be used carefully and effiCiently A minimum media strategy
would mclude a central message via a public servICe announcement A more
high-profile media campaign would mvolve a senes of radIO and teleVISIOn
ads durmg pnme time As consensus bUilds for the lead phaseout strategy,
stakeholders and government agencies can cooperate m a media strategy to
mform and educate the public through features and ads on teleVISIOn and radIO,
and m newspapers

Brochures, fiters and fact sheets can be effective education tools and are
usually targeted at a speCific group For example, fact sheets explaining the
adverse effects of lead on the development of children can be prepared and
dlstnbuted at schools, health clmlcs, daycare facilItIes and other locations
servmg the needs of parents and children Brochures provldmg detatled
mformatIon related to vehicle performance should be targeted at motonsts
and are best dlstnbuted at gasolme stations or to companies or agencies
operatmg vehicle fleets

Posters and btllboards are also extremely good mechanisms for spreadmg the
mam themes of the phaseout strategy posItIve effects on the neurological
development of children, minimal effects on vehicle performance, etc
Messages must be presented m a Simple, clear, concise form, and thelf
effectiveness can be greatly enhanced by the use of color and artwork, or
linkages to popular themes or personalItIes

Posters can be Widely dlstnbuted and effectively displayed m service stations,
public bUlldmgs, buses and other mass transit, schools, and places ofworship

Informatton hotlznes can be very useful, especially m the early days of the lead
phaseout strategy's Implementation By provldmg a number motonsts can call for
mformatIon on everythmg from sales locations, pnce differentials, and tImmg, to
engme performance, government agencies can reduce OpposItIon to the program
caused by uncertamty or lack of knowledge However, It IS extremely Important

6 Government agencies should be aware of the opportunities that media coverage creates for pubhc
educatlon but also of the dangers If vested Interests or political Opposltlon ,elze on and distort ISSUes
related to a lead phaseout strategy and discredIt the program In the eyes of the pubhc For example In

some counrnes myths about engine damage from the use of unleaded gasoline have been fostered or
promoted In the medIa by organlzatlons With vested Interests In the sale of leaded gasohne
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for mformanon hodmes to be fully operanonal dunng the stated hours of
operatIOn and staffed by competent, knowledgeable mdlVlduals

Special techmques, mcludmg hands-on-demonstranons, videos and other
devices, can be effecnve for workshops and targeted outreach efforts For
example, workshops or traimng CQurses may be the most effecnve method of
educanng service stanon operators and mechaniCS on the effects of unleaded
fuel on engme performance Videos or hands-on demonstranons could
mstruct mechaniCS on how to perform vehicle mamtenance to improve engme
performance Educanonal Videos on the effects oflead on air qUality and human
health could be developed for use m schools or With parent groups These
techmques are generally more expenSive, but are hkely to be the most effecnve m
mcreasmg the awareness and bwldmg the support ofsuch mfluennal groups as
service statIOn operators and mechaniCS

10 4 ASSIgning ResponsIbIlIty For PublIc EducatIon
The agency responsible for implementmg lead phaseout should also retam
overall responsibdlty for the pubhc educanon program to ensure that the
outreach acnvltles and messages support the techmcal strategy, both m terms of
the tImmg ofspeCific messages and actiVltleS, and the content of these messages
However, the responsible agency should seek the aSSistance of relevant pubhc
affaus agenCies, non-governmental organizanons, mdustry aSSOCianons, and the
commumcanons departments ofumversltles These groups typically have access
to particular audtence segments as well as expertise m managmg public educanon
programs or medIa campaIgns They can be useful, as well as mexpensive, sources
ofasSIstance to government agenCIes, whIch often lack the techmcal expertlse and
resources to carry out elaborate pubhc outreach programs

The responsIble agency should conSIder settmg up a speCIal "pubhc educa
non commIttee" consIstmg of semor representanves from the vanous groups
hsted above ThIS committee would oversee the development of the outreach
strategy and manage the acnvltles carned out by mdividual group members

10 5 Trackmg Progress And Measurmg EffectIveness
It IS important to evaluate the program's effecnveness so that acnVltles can be
reshaped or reVised as necessary over the course of the program

A number ofmethods can be used to momtor progress and measure the
program's effectiveness Certainly, purchases ofunleaded gasolme may be a duect
measure ofthe program's effecnveness If an outreach program IS successful (and
the overall phaseout strategy is logical and effectively addresses key pncmg and
supply iSSUes), then purchases ofunleaded gasolme should mcrease over an mltlal
start-up penod, whue the total consumpnon oflead addtnves should declme

The government also may want to conduct addltlonal pubhc opmIOn surveys SiX
months to one year after the start of the pubhc outreach program to determme
the program's effect on pubhc attitudes and awareness Ifan mltlal survey was
conducted, the agency can use the same survey mstrument to evaluate effective
ness
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10 6 The Tlmmg OfPubltc EducatIOn ActiVitieS

It IS recommended that agencies begm public education efforts as early as
possible - well before actual Implementation of the lead phaseout program,
so that the public IS mformed m advance of the changes that will take place,
has time to adjust to these changes, and can accept them as Improvements
and benefits rather than needless mconvelliences or, worse, expensive bur
dens to be aVOided Even the best phaseout program can be a total failure If
It comes as a surpnse to the general public

Ideally the outreach program should evolve m concert with the development
of the lead phaseout strategy Itself so that the public IS kept mformed of the
strategy's key elements Over time, the outreach program should mcorporate
more and more mformatlon on the specifics of the phaseout strategy Itself
and the basIs for the decIsIOns that are made Preferably these decIsIOns Will be
based on mput from key stakeholders (see Chapter 11), which will reduce publIC
Opposition

General education effort can start with the use of broad messages conveyed
through public servIce announcements, posters and billboards that are
Widely dIstnbuted These messages should convey the broad themes 
Improved chIldrens' health and welfare, and no adverse effects on vehIcle
performance These broad messages can be supported by more detaIled press
articles that proVIde the ratIOnale for phaseout, the benefits, the tlmmg, and
descnptlons of the program (tlmmg, availability, pnce, etc)

By the time the phaseout strategy IS put m place, the education program
should be focusmg on provldmg mformatlOn that enhances Implementation
(e g, provIdmg locations where unleaded fuel IS bemg sold, provldmg pnce
Information) and mOllitorIng effectiveness
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11. INVOLVING KEY STAKEHOLDERS
IN THE DEVELOPMENT OF A
LEAD PHASEOUT STRATEGY

Stakeholder mvolvement is an eSsential part ofa lead phaseout strategy, and
should be mcorporated mto the process from the very begmmng Although
stakeholder mvolvement is closely lmked to publIc educatIOn and outreach
(see Chapter 10), it dIffers m that It seeks to mvolve key parties m the
declSlon makIng process PublIc education and outreach, on the other hand,
seek to mform the publIc and key groups about the need for the program
and how it will work

Many of the key stakeholder groups are the same as the audIences Identified
m the prevIOUS chapter and mclude parties that are most mterested m, and
affected by, a lead phaseout program, mcludmg government agencies,
gasolme refiners and dIstributors, service stations owners and operators, and
non-government organiZatiOnS (NGOs) Gammg the support of these
stakeholders is cntIcal to the successful development and implementatIOn of
a lead phaseout strategy By consultmg these parties and mvolvmg them m
the decisIon-makIng process, stakeholders Will feel that they "own" both the
process and itS outcomes, and are less lIkely to oppose the program once It is
implemented

This chapter summanzes stakeholder mvolvement strategies,
which mclude both stakeholder identificatIOn and outreach
components

The Steps In Stakeholder Consultation And Involvement

1 Identify stakeholders
Here, Implementers should Identify the program's stakeholders the indi
Viduals and organizations whose Interests Will be most affected

2 Identify strategy for stakeholder Involvement
Implementers should next deSign a process for including the program's
stakeholders In the strategy's development and ImplementatIon

3 Communicate risk assessment and benefit estimates
EducatIon IS a key component of stakeholder Involvement Stakeholders
must understand the need for the program, ItS beneflls and ItS costs

4 Communicate/consult on alternative phaseout strategies
Ideally, Implementers should be Willing to consider alternative phaseout
strategies that address stakeholder concerns and constraints

11 1 Stakeholder Identtficatlon
A first step m developmg a stakeholder mvolvement program is to identifY
the varIOUS stakeholders whose mterests Will be affected by a lead phaseout
strategy Often, the key stakeholders are the same organiZatiOnS or people as
the key audiences Identified for a publIc education strategy (see Chapter 10) The
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focus here, however, IS engagmg key stakeholders m a collaborative deClslOn
makmg process Potential stakeholders mclude

• Government agencies and mmlstnes (e g energy, environment health
mdustry, transportation, finance, trade)

• Petroleum refiners

• Automobl1e manufacturers and Importers

• Gasolme dlstnbutors and retailers

• Fleet owners and operators

• Non-government orgamzatIons

• Motonsts

The key stakeholders
for a lead phaseout
program are often the
same as the audIence
for the program's public
educatIon strategy
(Chapter 10)

Each group IS descnbed bnefly below

Government agenctes TYPlCally, many government agenCles and mmlstnes 
both at the national and local levels - playa role m the phaseout of leaded
gasolme These mclude agenCles that set and control tax pohcles, environ
mental programs, vehicle registration, vehicle mspectIon and mamtenance
programs, and tanffs and duties on vehicle Imports and fuel Imports, and
regulate refiners These agencies need to be mvolved m the process so that
they understand what ImphcatIons (If any) a phaseout program will have on
theIr programs and vested mterests

Petroleum refiners Oil refiners have a large stake m the deClslOn making
process for a lead phaseout strategy It IS Important to mvolve such powerful
stakeholders m the consensus bUIldmg process to reduce their Opposltlon to
a lead phaseout strategy TImmg as well as the technical aspects of the
phaseout optlOns consIdered are significant Issues for oil refiners because
convertmg from leaded to unleaded fuel can have enormous cost ImphcatIons
for them Implementers should be sensltlve to their Issues and be wlllmg to
consIder vanous mcentlve schemes or schedules to faCIlItate the converSlOn
process

Automobtle manufacturers and tmporters Auto manufacturers are not hkely
to be affected much by lead phaseout per se However, many countnes may
decIde to take advantage of the opportunity presented by lead phaseout to
mtroduce vehICle emiSSlOn standards that are stnct enough to require
catalytic converters In thIS case, auto manufacturers will be very much
affected, and It will be CrItical to obtam the support (or at least the acqUIes
cence) of thiS stakeholder group Working WIth automobile manufacturers to
deVIse a practical schedule for mcorporatmg emlSSlOns controls m their automo
bIle deSigns can promote broad support and reduce the potentIal for Opposltlon
from certam segments (those less able to qUIClJy add controls or mcrease Imports
ofvehIcles so eqUIpped) Auto manufacturers can actually support a phaseout
strategy by endorsmg the use of unleaded gasolme

Gasolme dtstrtbutors and retatlers These groups proVide an Important lmk m
the supply cham and their support can greatly enhance the operation ofa lead
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phasedown program Retatlers also play an Important role 10 the publIc education
process because of theIr dIrect access to motorIsts, so theIr Issues should be
carefully conSIdered 10 the development ofa strategy Retail servICe station
owners and operators should be 1Ovolved 10 the consensus bUIld10g process
because gaIn10g theIr support for a lead phaseout strategy can asSISt 10 securIng
support from vehIcle owners and operators ServIce station attendants or me
chanICS can asSISt WIth the publIc educatIon strategy by diSSem10atIng 1Oforma
tIon to motorIsts when they purchase gasolIne or auto maintenance servIces

Fleet owners and operators partIcularly government vehIcle fleets, can play a
key role In a lead phaseout program by Implement10g measures first and
demonstrat1Og theIr effectIveness

Non-government organtzattons (NGOs), such as medIcal or publIc health
asSOCIatiOnS, educatIOnal or teachers' asSOCIatIOnS, or envIronmental orgamza
tIons, can facIlItate consensus buIld10g WorkIng WIth concerned members of
the publIc, NGOs generally wIll support the sIgmficant SOCIal benefits of
polICIes and programs to phase out lead from gasolIne They can help explain
the health rISks assocIated WIth us10g leaded gasolIne and budd polltlcal
support for a lead phaseout strategy

Motortsts are also key stakeholders They must pay any prIce dIfferentIals or
bear any servIce 1Oconvemence that result from the strategy MotOrIsts (or
groups of motOrISts such as taxI cab drlvers) may be represented by an NGO
or asSOCIatIon If so, representatIves of these groups should be 10VIted to
partICIpate 10 the deCISIon makmg process

11 2 Stakeholder Involvement Strategies
After stakeholders are Identified, Implementers should desIgn a process for
dIssemInatIng 1OformatIon to them and 1Ovolv1Og them 10 the deCISIon
mak10g process for the lead phaseout strategy The nature and extent of
stakeholder 1Ovolvement wIll vary dependmg on the InStItutIonal arrange
ments and 10dustry practIces In each country

The stakeholder 1Ovolvement strategy should be closely lInked WIth the
publIc educatIon strategy (see Chapter 10) to ensure a conSIstent and
effectIve message The 10puts stakeholders proVIde may, 10 some cases,
IdentIfy the need for more publIc education, but also may Identify real
problems that must be addressed In deSIgnIng a lead phaseout strategy
Examples of Issues where stakeholder 1Ovolvement may help 10 bUIld10g
consensus for a lead phaseout strategy are

• IdentIfy10g the best techmcal optIOns for phas10g out lead 10 gasolIne

• Evaluat10g the tIm10g for Implement10g selected techmcal options

• AsseSSIng the economIC and behaVIOral Impacts of prlc10g deCISIOns and
IncentIve polICIes

• EvaluatIng the "fit" between techmcal optIons and pohey 10struments

• IdentIfy10g momtonng, complIance and enforcement needs

t r r-
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Good organIzanon and well-planned outreach are necessary for a stakeholder
mvolvement program because they can help produce IOpUtS that the government
can use 10 decIsIOn makmg as well as faClhtate consensus bUlldmg Implementers
should Identify specIfic strategIes to gam the partIClpatIOn of stakeholders
Several methods are avaIlable to bnng stakeholders together, provIde them with
mformatlOn, and establtsh effecnve commUnIcations Selected examples are
summanzed m thIS sectIOn

AdvISOry groups An adVISOry group IS a way to bnng together a core group of
stakeholders who have a strong mterest m a lead phaseout strategy An
adVISOry group should be composed of representatives from each of the key
stakeholder groups (each should be gIVen equal status m presentmg and
deltberatIng theIr Ideas), along wIth representatives from government
agencIes AdVISOry groups provIde a forum for the government to present
proposed poltcles and programs, and bnng stakeholder feedback and Ideas
mto the process

AdVISOry groups usually meet regularly to dISCUSS Issues of concern and to
reach agreement on recommendations as mput to Implementers AdVISOry
group meetmgs can serve to educate stakeholders on te<.-hnIcal Issues, update
them on progress or new Issues Identified, and provIde an organIzed way for
the government to learn and understand the posltlons of dIfferent groups
An adVISOry group can also aSSIst 10 outreach efforts to broaden a stakeholder
mvolvement program

Publtc meetzngs and hearzngs Implementers can use these vehIcles to present
IOformatIon to stakeholders and the publIC, and obtam mput from partiCI
pants They can be taIlored to specIfic Issues or organIzed for specIfic groups
of stakeholders WIth an Interest m a lead phaseout strategy WhIle publtc
meetlOgs are useful for exchanglOg mformatlOn, publIC heanngs typICally are
more formal events held pnor to a specIfic deCISIon pomt m developmg
poltcles and programs Publtc meetings are more effective If they are held
early 10 the deCISIOn makmg process and If the government makes clear the
llOk between the meetmgs' IOpUt and deCISIOn makmg If held too late m the
process and not accompamed by other stakeholder mvolvement opportum
ties, stakeholders and the publtc may feel that theIr Ideas and concerns WIll
not be addressed A medIa strategy IS Important for effective publtc meetmgs
to attract the WIdest possIble audIence Publtc educatIOn matenals (see
Chapter 10) can be dIstributed at a publtc meet109

Workshops These are deSIgned as specIal meetmgs to IOform stakeholders
and seek mput on a specIfic poltcy Issue or program They usually IOvolve a
relanvely small group of people, reqUIre advance regIstratiOn or mvttatlOn,
and provIde an opportunIty for people to partiCIpate mtenslvely TypICally,
partiCIpants work on specIfic Issues or concerns and are usually sent matenals
m advance to prepare for the workshop They can be very useful for educatmg
groups on techmcallssues to enhance theIr abIlIty to make mformed deCISIOns
Input from workshops can be mtegrated IOto the larger stakeholder mvolvement
process
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The Role OfPubhcAwareness In Slova1oa's Lead Phaseout

SlovakIa's successful phaseout of leaded gasoline was due to
the use of an incentive poltey, whIch was later combined
WIth a rapId phaseout approach to influence consumer
behavlOr and to smooth the transmon DIfferent programs
were put in place to combine the incentive poltey WIth
regulatlOns to ensure the reductIOn of lead content In
gasolIne, and to support the use and Import of cars WIth
Improved pollution charactenstics SlovakIa only has one
refinery (Slovnaft), whIch facdltated the transltlon from the
production ofleaded to unleaded gasolIne

At the begInmng of the phaseout program In 1988, Slovnaft
Introduced a lubncant addltlve ANABEX@ 99, whIch helped
ease the transmon and achIeve lead levels of0 15 gil by 1989
(down from 0 25 gil) BegInnIng In 1993, the Slovaloan
government enforced and made catalytiC converters mandatory
for both imported and domestic cars And begInnIng In 1995,
only unleaded gasolIne was sold at servIce stations These
poltcies were accompanIed by regIstratiOn standards for new and
imported vehIcles that Included the

• Capabdity to use unleaded gasolIne WIthOut the use of
lubncating addmves

• Presence ofa three-way catalytiC converter

• Age of imported vehicles manufactured In 1985 or later

These Inltlatives were supported by strong Information
campaIgns that Informed and Influenced consumers' behav
lOr, and involved them In the lead phasedown process ThIS
ngorous, multI-faceted approach helped to overcome the
problem ofold vehIcle fleets (most ofwhICh were over 15 years
old) and the respective low turnover rates, thus gIVIng the
publtc an Incentive to buy cars WIth catalytIC converters (REC,
1998)
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