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PREFACE

The use of oxygenated gasoline was mandated under the Clean Air Act Amendments of

1990 in areas that did not meet the Federal ambient air standard for carbon monoxide (CO).

Motor vehicle emissions are the primary source of ambient CO levels in most areas and CO

is generally seen at its highest levels during the cold weather months.  Oxygenated gasoline

is designed to increase the combustion efficiency of gasoline, thereby reducing CO

emissions.  

The Clean Air Act requires at least a 2.7% oxygen content for gasoline sold in CO

nonattainment areas, and this level of oxygen is typically achieved by the addition of about

15% methyl tertiary butyl ether (MTBE) or about 7.5% ethanol (by volume).  Other fuel

oxygenates that are in use to a lesser extent, or that may potentially be used, include ethyl

tertiary-butyl ether (ETBE), tertiary-amyl methyl ether (TAME), diisopropyl ether (DIPE),

and tertiary-butyl alcohol (TBA).  Fuel oxygenates, especially MTBE and ethanol, also are

used to enhance the octane of conventional gasoline�a practice that started in the late

1970�s and continues today. 

As a result of the amended Clean Air Act, several new areas were required to begin

oxygenated gasoline programs during the winter of 1992-93.  Soon after these programs

were initiated, anecdotal reports of acute health symptoms were received by health

authorities in various areas of the country.  Such health concerns were not anticipated but

have subsequently focused attention on possible health risks associated with using

oxygenated gasoline.  These health concerns have been joined by complaints of reduced

fuel economy and engine performance, as well as the detection of low levels of MTBE in

some samples of ground water. 

In order to address public concerns and to take full advantage of the extensive expertise

across the Federal Government, as well as outside experts where appropriate, the U.S.

Environmental Protection Agency requested the assistance of the Office of Science and

Technology Policy (OSTP), through the Committee on Environment and Natural Resources

(CENR) of the President's National Science and Technology Council (NSTC), to coordinate

a comprehensive assessment of these issues.  Working groups that prepared this evaluation

were comprised of technical and scientific experts from across several Federal agencies, as

well as representatives from State government, industry, and environmental groups.

This assessment is a scientific state-of-understanding report of the fundamental basis and

efficacy of the EPA's winter oxygenated gasoline program.  The assessment considers air

quality, ground water and drinking water quality, fuel economy and engine performance,

and the potential health effects of oxygenated gasoline.  Each of these subjects is addressed

in a separate chapter.  Chapter 4 on �Potential Health Effects of Oxygenated Gasoline� is

based on two recent reports on health effects�one report was prepared by an Interagency

group of health scientists and the second by the Health Effects Institute (HEI) and a panel

of experts.  Complete citations for these reports are listed in the references for Chapter 4.
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Each chapter in this report underwent extensive external peer-review before submission of

the entire report for review by the National Research Council (NRC) of the National

Academy of Sciences.  Findings and comments from the NRC review have been addressed

in this assessment.  The entire assessment was reviewed by the National Science and

Technology Council.
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EXECUTIVE SUMMARY

Purpose and Background

Oxygenates have been used as octane enhancers in gasoline since the late 1970s, due to the

phaseout of lead.  During the 1980s, oxygenates came in to wider use as some States

implemented oxygenated gasoline programs for the control of carbon monoxide (CO)

pollution in cold weather.  People with coronary artery disease are particularly sensitive

to the adverse effects of this air pollutant.  The first winter oxygenated gasoline program

in the United States was implemented in Denver, Colorado in 1988.  The 1990 Clean Air

Act Amendments required the use of oxygenated gasoline in several areas of the country

that failed to attain the National Ambient Air Quality Standard (NAAQS) for CO.  During

the winter months of 1992-1993, many new oxygenated gasoline programs were

implemented to increase combustion efficiency in cold weather and thereby reduce CO

emissions.  

Methyl tertiary-butyl ether (MTBE) has become the most widely used motor vehicle

oxygenate in the U.S., though in some areas, ethanol is the dominant oxygenate used in

motor vehicle fuels.  Other fuel oxygenates that are in use or may potentially be used

include ethyl tertiary-butyl ether (ETBE), tertiary-amyl methyl ether (TAME), diisopropyl

ether (DIPE), tertiary-butyl alcohol (TBA), and methanol.  Because of limitations in

available data, there is less emphasis in this report on these other oxygenates.  The Clean

Air Act requires at least 2.7% by weight oxygen content for gasoline sold in CO

nonattainment areas, and about 15% by volume MTBE or about 7.5% by volume ethanol

to achieve this requirement.

The purpose of this report is to provide a review of the scientific literature on oxygenated

fuels and to assess effects of the winter oxygenated fuels program on air quality, water

quality, fuel economy and engine performance, and public health.  The request from EPA

for this assessment was prompted by public complaints of headaches, nausea, and other

acute symptoms attributed to wintertime use of oxygenated fuels, as well as complaints of

reductions in fuel economy and engine performance.

This report does not specifically examine the reformulated gasoline program, which is

intended to reduce motor vehicle emissions that lead to higher ozone levels during the

summer months and air toxics year round, and which also makes use of fuel oxygenates.

The report identifies areas where the data are too limited to make definitive conclusions

about the costs, benefits, and risks of using oxygenated gasoline in place of conventional

gasoline.  Several research needs on oxygenated gasoline were identified that would reduce

uncertainties and allow a more thorough assessment of human exposure, health risks and

benefits, and environmental effects.

Assessment Findings

Air Quality

�  A general decline in urban concentrations of CO over the past twenty years is attributed

largely to stringent EPA mandated vehicle emission standards and improved vehicle

emission control technology.  This decline and the effects of meteorology must be

accounted for in assessments of air quality benefits of oxygenated gasoline.
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�  Analyses of ambient CO measurements in some cities with winter oxygenated gasoline

programs find a reduction in ambient CO concentrations of about 10%. 

 

�  Studies of the effects of fuel oxygenates on vehicle emissions show a consistent

reduction of CO emissions at ambient temperatures above about 50 F.  At temperatureso

below 50 F, the magnitude of the reduction is decreased and very uncertain. o

�  The EPA MOBILE 5a Model appears to overestimate the benefits of oxygenated

gasoline on fleet-wide CO emissions by about a factor of two.  However, the MOBILE

Model is designed for use by the states in preparing highway mobile source emission

inventories and estimating the benefits of other air quality programs.  This assessment does

not address its usefulness for such purposes.

   

�  Oxygenates also reduce total hydrocarbon exhaust emissions.  Fuel oxygenates decrease

vehicle emissions of the air toxicities, benzene and 1,3-butadiene, but increase the

emissions of aldehydes (acetaldehyde from use of ethanol or ETBE and formaldehyde from

use of MTBE).

�  Older technology vehicles (carbureted and oxidation catalysts) benefit more from the use

of oxygenated fuel.  The amount of pollutant emissions is smaller in newer technology

vehicles (fuel injected and adaptive learning, closed loop three-way catalyst systems).

Also, the percentage reductions in CO and hydrocarbon emissions from use of fuel

oxygenates are found to be smaller in the newer technology vehicles compared to older

technology and higher emitting vehicles.

�  Emissions of nitrogen oxides are not changed significantly by low concentrations of fuel

oxygenates but some studies indicate increased nitrogen oxide emissions with oxygenate

concentrations greater than about 2 % by weight oxygen. The EPA Complex Model

developed for the Reformulated Gasoline Program predicts that fuel oxygenate does not

increase nitrogen oxide emissions.

�  During the winter season, the oxygenates are not removed rapidly from the urban

atmosphere, although some scavenging by precipitation is expected.  Consequently, the

oxygenates are likely to be dispersed and diluted throughout the troposphere, where they

ultimately would be removed by slow photooxidation.  

Water Quality

�  Releases of gasoline containing oxygenates to the subsurface from storage tanks,

pipelines, and refueling facilities provide point sources for entry of high concentrations of

fuel oxygenates into ground water.  In a few instances (such as in Santa Monica, CA) high

concentrations of MTBE have caused the shutdown of a drinking-water production well

or well field, and the source of contamination was identified as a release from an

underground gasoline storage tank.  Underground storage tank improvement programs 

underway by the states and EPA should result in a reduction in the release of gasoline and

fuel oxygenates to ground water from these potential point sources.
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�  Exhaust emissions from vehicles and evaporative losses from gasoline stations and

vehicles are sources of oxygenate release to the atmosphere.  Because of their ability to

persist in the atmosphere for days to weeks and because they will, in part, partition into

water, fuel oxygenates are expected to occur in precipitation in direct proportion to their

concentration in air.  Hence, fuel oxygenates in the atmosphere provide a non-point, low

concentration source to the hydrologic cycle as a result of the dispersive effect of weather

patterns and occurrence in precipitation.  

�  Volatilization of the alkyl ether oxygenates will occur slowly from ponds and lakes, and

from slow-moving and deep streams and rivers; volatilization can be rapid from shallow

and fast-moving streams and rivers.  Alkyl ether oxygenates are much less biodegradable

than ethanol or the aromatic hydrocarbon constituents of gasoline and, therefore, will

persist longer in ground water.  They also adsorb only weakly to soil and aquifer material.

Consequently, dissolved alkyl ether oxygenates will move with the ground-water flow and

migrate further from a point source of contamination. 

�  The current USEPA draft drinking-water lifetime health advisory for MTBE ranges from

20 to 200 µg/L; a revised health advisory is expected.  Health advisories have not been

developed for other fuel oxygenates.

�  MTBE was detected in 7% of 592 storm-water samples in 16 cities surveyed between

1991-1995.  When detected, concentrations ranged from 0.2 to 8.7 µg/L, with a median of

1.5 µg/L.  A seasonal pattern of detections was evident, as most of the detectable

concentrations occurred during the winter season.  MTBE was detected both in cities using

oxygenated gasoline to abate CO nonattainment and in cities using MTBE-oxygenated

gasoline for octane enhancement.

�  At least one detection of MTBE has occurred in ground water in 14 of 33 states

surveyed.  MTBE was detected in 5% of approximately 1,500 wells sampled, with most

detections occurring at low (µg/L-level) concentrations in shallow ground water in urban

areas.  

�  Drinking water supplied from ground water has been shown via limited monitoring to

be a potential route of human exposure to MTBE.  MTBE has been detected in 51 public

drinking water systems to date based on limited monitoring in 5 states, however, when

detected the concentrations of MTBE were for the most part below the lower limit of the

current USEPA health advisory.  This indicates that the consumption of drinking water was

not a major route of exposure for these few systems.  Because of the very limited data set

for fuel oxygenates in drinking water, it is not possible to describe for the Nation MTBE's

occurrence in drinking water nor to characterize human exposure from consumption of

contaminated drinking water.

�  There is not sufficient data on fuel oxygenates to establish water quality criteria for the

protection of aquatic life.
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�  The presence of MTBE and other alkyl ether oxygenates in ground water does not

prevent the application of conventional (active) methods to clean up gasoline releases;

however, the cost of remediation involving MTBE will be higher.  Also, the use of intrinsic

(passive) bioremediation to clean up gasoline releases containing MTBE may be limited

because of the difficulty with which MTBE is biodegraded.

Fuel Economy and Engine Performance

�  Theoretical predictions based on energy content indicate that reductions in fuel economy

resulting from the addition of allowable levels of oxygenates to gasoline should be in the

range of only 2-3%.  On-road measurements agree with these estimates.

�  Automobile engine performance problems due solely to the presence of allowable levels

of oxygenates in gasoline are not expected because oxygenated gasolines and

nonoxygenated gasolines are manufactured to the same specifications of the American

Society for Testing and Materials.

Health Effects

�  Complaints of acute health symptoms, such as headaches, nausea, dizziness, and

breathing difficulties, were reported in various areas of the country after the introduction

of oxygenated gasoline containing MTBE.  The limited field investigations conducted to

date suggest that greater attention should be given to the potential for increased symptom

reporting among workers exposed to high concentrations of oxygenated gasoline

containing MTBE.  With regard to exposures to lower concentrations as experienced by

the general population and motorists, the limited epidemiological studies and controlled

exposure studies conducted to date do not support the contention that MTBE as used in the

winter oxygenated fuels program is causing significant increases over background in acute

symptoms or illnesses.  The anecdotal reports of acute health symptoms among some

individuals cannot yet be explained or dismissed.

�  Human exposure data to MTBE are too limited for a quantitative estimate of the full

range and distribution of exposures to MTBE among the general population.  Less

information is available on exposures to oxygenates other than MTBE.

�  The assessment found that chronic non-cancer health effects (neurologic, developmental,

or reproductive) would not likely occur at environmental or occupational exposures to

MTBE.  The observation of acute and reversible neurobehavioral changes in rats exposed

to relatively high levels of MTBE is indicative of a neuroactive effect that could hinder

performance during periods of high exposure.

�  Current data are too limited to quantify health benefits of reduced ambient CO from

wintertime use of oxygenated fuels. 

�  While there are no studies on the carcinogenicity of MTBE in humans, experimental

studies indicate that MTBE is carcinogenic in rats and mice at multiple organ sites after

inhalation or oral-gavage exposure.  The mechanisms by which MTBE causes cancer in

animals are not well understood, but are under study.  Genotoxicity tests on MTBE and 



Executive Summary

vii

one of its  metabolites, tertiary-butyl alcohol (TBA), are for the most part negative,

whereas the MTBE metabolite formaldehyde is genotoxic in a variety of experimental

systems.  Formaldehyde is viewed as a �probable� human carcinogen and TBA shows

some evidence of carcinogenicity in male rats and female mice.  There is sufficient

evidence to indicate that MTBE is an animal carcinogen and to regard MTBE as having

a human hazard potential.  Estimates of cancer potency derived from MTBE animal studies

as well as estimates of human exposure to MTBE have large uncertainties and caution is

required in their use.

�  The estimated upper-bound cancer unit risks for MTBE are similar to or slightly less

than those for fully vaporized conventional gasoline; substantially less than that for

benzene, a minor constituent of gasoline that is classified as a known human carcinogen;

and more than 100 times less than that for 1,3-butadiene, a carcinogenic emission product

of incomplete fuel combustion.  The interpretation of any health risks associated with the

addition of MTBE to gasoline requires a comparison to the health risks associated with the

use of conventional gasoline.  Meaningful predictions of human cancer risk from the

wintertime use of oxygenated gasoline versus nonoxygenated gasoline require much more

knowledge of the relative ambient air concentrations and personal exposures to the toxic

compounds that are present in both the evaporative and exhaust emissions from both types

of fuels. 

 

�  It is not likely that the health effects associated with ingestion of moderate to large

quantities of ethanol would occur from inhalation of ethanol at ambient levels to which

most people may be exposed from use of ethanol as a fuel oxygenate.  Potential health

effects from exposure to other oxygenates are not known and require investigation if their

use in fuels is to become widespread.
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SCOPE OF THE CHAPTER

The effects of the winter oxyfuel program on air quality are assessed in this chapter.  The

focus of the program is on carbon monoxide (CO) but other pollutants including volatile

organic compounds (VOC), nitrogen oxides (NO and NO  designated as NO ), particulate
2 x

matter, and the toxic air pollutants (TAP), benzene, 1,3-butadiene, formaldehyde, and

acetaldehyde are also affected to varying degrees.  Data from vehicle emission studies,

model predictions, and ambient air quality measurements are reviewed for this assessment.

BACKGROUND OF THE WINTER OXYFUEL PROGRAM

Carbon monoxide is a colorless, odorless, and poisonous gas produced by the incomplete

combustion of carbon-containing fuels.  Elevated levels of ambient CO have been shown to

be a human health hazard (Morris et al., 1995).  The EPA has set National Ambient Air

Quality Standards (NAAQS) for CO that specify upper limits of 35 ppm for a one-hour

period and 9 ppm for an eight-hour period.  Generally the eight-hour limit is the more

restrictive and virtually all recorded exceedances in recent years involve violation of this

limit.  Monitoring stations are allowed one exceedance of the air quality standard per year.

A second exceedance constitutes a violation.  For this reason the second maximum value of

CO has been adopted as an important indicator in air quality trend studies.  In cities during

the winter, on-road vehicles account for a large fraction of the emissions, up to 95%

(USEPA, 1995a). 

A network of air pollutant monitoring stations has found a persistent pattern of high levels

of carbon monoxide (CO) during winter months in many U.S. urban locations.  The winter

peak values occur during months when temperature inversions trap pollutants near the

ground and inhibit dispersion and dilution.  The buildup of CO is aggravated in cold climates

by increased CO emissions from cold vehicles.  Figure 1.1 shows the monthly average CO

concentrations over the last 14 years recorded at a monitoring site in downtown Denver,

Colorado.  At this highly polluted site the peak values occur typically during the months

November through February, corresponding to the period of frequent inversions and low

temperatures.  The average winter CO concentrations at this site are about twice as large as

the average summer values, which are indicated by the minima in the data.

Gasoline-fueled engines are a major source of carbon monoxide (CO) and other pollutants.

Under ideal conditions, the complete combustion of a hydrocarbon fuel results in a product

mixture of mainly carbon dioxide (CO ) and water vapor in the exhaust stream.  The effect
2

of the combustion air/fuel (A/F) ratio on the exhaust composition can be understood with

reference to Figure 1.2.  This figure is a representative example of the effect of the air/fuel

ratio on exhaust pollutant formation in a 1980 vintage engine.  It should be noted that the

figure gives the engine emissions, called engine out emissions, not the tailpipe emissions,

which are considerably lower when a properly functioning catalyst system is used.  The

dashed line represents the air/fuel ratio with equivalent amounts of oxygen and fuel required

for complete combustion.  But even at this point 5 - 10% of the fuel carbon is emitted as CO.
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Figure 1.1 A 14-year record showing monthly average values of hourly average CO

concentrations at the CAMP air quality monitoring site in Denver, Colorado.  The filled

symbols indicate the months during which oxyfuels have been used.  The bar above the point

at 95 shows what the ambient CO concentration would be if one assumes the measured value

corresponds to a 24% reduction due to oxyfuels.  (Figure courtesy of Larry Anderson)
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Some fuel is not completely oxidized, because of limitations of combustion kinetics and

quenching of the combustion by the cool metal surfaces of the engine cylinder.  The result

is incomplete oxidation of the fuel and the emission of CO and some residual organic

compounds.  About half of the emitted organic material is unburned fuel and half is partially

oxidized fuel products.  The engine operates in a fuel rich condition when started (cold start)

and at an A/F ratio of about 13 for maximum power during a hard acceleration.  Under the

latter condition about 25% of the fuel carbon is emitted as CO.  The nitric oxide (NO)

pollutant (generally referred to here as NO ) has an interesting inverse relationship with the
x

CO and hydrocarbon (HC) pollutants.  The NO increases under high A/F ratio (lean)

conditions because it is made by the reactions of excess oxygen and nitrogen at high

temperatures.  Frequently the NO  emissions are low when the CO and HC emissions are
x

high.  

Several actions have been taken to reduce vehicle emissions.  The EPA has promulgated

emission standards for gasoline fueled vehicles since 1968.  A summary of these standards

for selected years is given in Table 1.1.  In addition to CO, the emissions of hydrocarbons

(HCs) and NO  are regulated, because they contribute to photochemical smog and ozone
x

production.  During the past 30 years vehicle manufacturers have responded to the emission

regulations by installing emission control devices.  Current technology includes a computer-

controlled feedback system incorporating oxygen sensors, three-way catalysts, and fuel

injection into closed loop and adaptive learning strategies.  The concept of the closed loop

technology is to measure the oxygen concentration in the exhaust system and to control the

vehicle A/F ratio near the stoichiometric point to minimize pollutant emissions.  Improved

catalysts have also helped reduce emissions.  The reduction in exhaust emissions, indicated

by comparing the emission levels in the top line of Table 1.1 with the current standards in

the bottom line is a factor of 10 for NO  and about 25 for CO and HC.
x

Table 1.1  Vehicle exhaust emission standards in grams per mile (U.S. passenger cars,

excluding California).

Model Year Hydrocarbons CO NO
x

Pre-1968 11.0 80 4

(no standards)

1973/4   3.4 39 3.0

1977   1.5 15 2.0

1981     0.41 3.4 1.0

1996     0.41 3.4 0.4

 

Although the introduction and improvement of vehicle emission control devices has led to

a decline in urban CO levels, many areas continued to exceed the NAAQS into the late

1980's.  Beginning in January 1988, a program of adding an oxygenated organic compound

to gasoline was instituted in the Denver, Colorado, area.  In subsequent years many other

regions in the U.S. that continued to exceed the NAAQS, called nonattainment areas, were

required by EPA to adopt similar programs to reduce ambient CO levels.  The concept

behind the EPA oxyfuel program is to introduce additional oxygen into the combustion

mixture by adding an oxygen-containing compound to the fuel.  This is equivalent to shifting

the A/F ratio in Figure 1.2 toward the right.  The added oxygen has been shown to reduce
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the amount of CO in the engine exhaust in many studies.  The additives are called

oxygenates and the most common ones are an alcohol: ethyl alcohol (ethanol) or tertiary-

butyl alcohol (TBA) or an ether: methyl tertiary-butyl ether (MTBE), ethyl tertiary-butyl

ether (ETBE), tertiary-amyl methyl ether (TAME), or tertiary-amyl ethyl ether (TAEE).  

Figure 1.2  Typical gasoline engine pollutant emissions as a function of the intake

air to fuel ratio (A/F).  The ratio values are based upon mass.  The stoichiometric

point is a theoretical value at which the amounts of air and fuel are equivalent for

complete oxidation of the fuel.  Note the different scale for hydrocarbons (HCs)

which is 10 times the value for nitric oxide (NO).  Adapted from Kummer (1980).
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Currently, ethanol and MTBE dominate the market.  Adding about 15% by volume MTBE

or about 7.8% by volume ethyl alcohol to a standard gasoline achieves a 2.7% by weight

oxygen fuel.  The amount of oxygen added to a fuel is relatively small, typically 2 to 3.5%

by weight.

 

In this report, emission measurements are distinguished from ambient air quality

measurements.  Emission measurements are those which sample and measure gases and

particles at the tailpipe.  The emissions are the gases emitted by the vehicle after passing

through any pollution control devices and may also include gases from fuel evaporation.

Ambient measurements are those made in the atmosphere.  These are characteristic of the

gases we breathe in an urban environment.  Some air quality measurements are made that

are neither an emission measurement nor an ambient measurement, but are somewhere in

between.  For example, measurements made in a restricted environment such as a tunnel

or parking garage are not strictly emission measurements or ambient measurements,

although some information about both can be deduced from them.

EFFECTS OF OXYFUELS ON VEHICLE EMISSIONS

Introduction
An assessment of the effects of oxyfuels on vehicle emissions must take into account a

complex array of variables affecting emissions.  Firstly, the vehicle fleet itself is

undergoing a continual change-over.  In general the newer models emit less pollution

because of improved emission control devices and the use of fuel injection, which makes

it possible to provide tight control of A/F stoichiometry.  In addition to significant model

year changes, the emissions vary from vehicle to vehicle depending upon how it is

maintained and operated and the quality of the fuel used. 

Secondly, emission studies must be performed on a wide variety of fuel compositions.  One

of the most extensive studies of fuel effects on automobile emissions is the Auto/Oil Air

Quality Improvement Research Program (AQIRP).  In this program three domestic

automobile manufacturers and 14 oil refining companies cooperated to test the effects of

vehicle technology and fuel composition on vehicle emissions.  The study has developed

an extensive database for a matrix of fuels, vehicles, and operating conditions.  Although

the program is not specifically directed at studying oxyfuel effects, it provides a valuable

database of carefully documented measurements.  

Gasoline is a mixture of numerous different hydrocarbons, including alkanes, alkenes and

aromatic compounds, which can be blended in many different combinations.  Into these

combinations oxygenates are added.  In some cases oxygenated fuels are prepared by

adding the oxygenate to a standard gasoline.  This technique is referred to as splash

blending.  In other cases, the fuels are blended, usually at a refinery, to obtain certain

properties, for example, the addition of oxygenates to increase a fuel's octane rating or to

achieve important parameters, such as overall vapor pressure or to minimize emissions of

certain pollutants.  [Fuel vapor pressure is reported as Reid vapor pressure (RVP), the

vapor pressure at 100 EF.]  This technique is referred to as match blending.  

Finally the ambient conditions of vehicle operation in oxyfuel areas cover a broad range.

Elevation varies from sea level to one mile (Denver, Colorado) corresponding to pressures

from 1 to 0.8 atmosphere.  Temperatures also vary from around +80 E to -40 EF (27 E to
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-40 EC).  It is not surprising that no individual study has covered the broad range of

variables required to characterize completely vehicle emission effects.

This report covers two types of studies used to obtain information on vehicle emissions:

(1) dynamometer studies and (2) field studies.  The dynamometer studies are usually

conducted in a controlled laboratory environment at 75 EF, usually on a well maintained

vehicle and under a standard format called the Federal Test Procedure (FTP).  During the

FTP, exhaust gas is sampled and analyzed during three phases of vehicle operation.  The

first phase (called Bag 1) represents cold start emissions, the second phase (called Bag 2)

represents emissions under stable vehicle temperatures, and the third phase (called Bag 3)

represents hot start emissions.  Thus the effects of fuel composition on emissions can be

quantified for each phase of operation and a standard driving cycle.  Dynamometer studies

have the advantage that many variables affecting emissions can be controlled and

characterized and that the composition of the exhaust can be accurately quantified by a

variety of laboratory instruments.  A limitation of dynamometer studies is that it is practical

to perform only representative tests and that tests are not made over the full spectrum of

driving conditions.  These limitations contribute to the uncertainty of predicting the

emissions of the on-road vehicle fleet.  

Field studies include both remote sensing and tunnel studies.  The remote sensing studies

employ a roadside detector that optically analyzes the exhaust of individual vehicles,

typically for CO, HC, and CO .  The CO  serves as a tracer for the exhaust plume and the
2 2

pollutant concentrations are determined relative to the total amount of gaseous carbon

species which is mainly CO .  A camera can be synchronized with the exhaust analysis to
2

identify the vehicle and subsequently to provide details of the engine and pollution control

devices.  The remote sensor has the advantage that a large number, on the order of 100,000,

of on-road vehicles can be tested and characterized.  It has a disadvantage that the range

of vehicle operating conditions is limited, typically, to a hot stable mode and only a couple

of emission constituents are measured.  The tunnel studies involve the analysis of air

sampled within a tunnel.  This confined space allows the exhaust emissions of many

vehicles to be analyzed collectively.  Many exhaust components can be quantified.  This

measurement represents a population of on-road vehicles under real operating conditions.

The disadvantages are that individual vehicles are not characterized and that the emissions

represent a limited range of operating conditions, typically, the hot stable mode.

 

It is not possible, within the scope of this assessment, to evaluate the numerous studies of

the effects of oxygenates on vehicle emissions.  A few examples are cited here to illustrate

representative studies and important issues.

Dynamometer Studies
CO Emissions.  The Auto/Oil AQIRP study by Reuter et al. (1992) reports the effects of

oxygenated gasolines and RVP on emissions from twenty 1989 model year vehicles.  The

test vehicles represented a broad range of engine sizes from 2 to 5.7 liter displacements and

had between 10,000 and 29,000 miles on their odometers.  The fuel inlet systems included

two with carburetors, four with throttle body injection, ten with port fuel injection, and four

with sequential fuel injection.  All of the vehicles employed three-way catalyst systems and

two vehicles also had oxidation catalysts.  The fleet can be characterized as a relatively

new, low emission group of vehicles.  Eleven fuels were studied including four 3.7 wt %

oxygen ethanol fuels, two 2.7 wt % oxygen MTBE fuels, and one 2.7 wt % ETBE fuel.
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The tests were conducted according to the FTP.  Some of the results are summarized in

Table 1.2.  The oxyfuel effects on the emissions are given as a percent change observed

with the oxyfuels normalized to the oxygen content of the test fuel, that is, divided by the

wt % oxygen content of the fuel.

Table 1.2   Summary of results from Auto/Oil AQIRP study (Reuter et al., 1992) of

oxyfuel effects on twenty 1989 model year vehicles exhaust emissions.  This fleet is a

relatively new, low emission group. 

% Change with Oxyfuel per wt % Oxygenc

Emission Mass Emission         3.7% O  2.7% O  2.7% Oa b 

    (g/mi)     EtOH    MTBE   ETBE
x x x

CO   2.5  -3.6 ± 1.3  -3.4 ± 2.4  -5.4 ± 2.7

HC   0.21  -1.3 ± 0.7  -2.4 ± 1.3  -1.9 ± 1.4

NO    0.6 +1.4 ± 1.1 +1.3 ± 2.0 +2.0 ± 2.3
x

Benzene   9 x 10  -3.1 ± 1.6  -4.1 ± 3.0  -3.5 ± 3.0-3

1,3-Butadiene   9 x 10  -1.6 ± 1.5  -0.6 ± 2.9  -1.0 ± 3.1-4

Formaldehyde   1.5 x 10 +5.2 ± 8.4 +5.9 ± 15.3 +6.3 ± 26.6-3

Acetaldehyde   1.4 x 10 +43 ± 12  -0.3 ± 13 +95 ± 25-3

  HC = Total hydrocarbons
a

  Mass emissions are approximate average values for test fuels.
b

  The oxyfuel effects have been normalized to 1 wt % oxygen.  The oxygen wt % of the test fuel is noted:
c

3.7% O  means 3.7 wt % oxygen.  The uncertainties represent 95% confidence limits.x

Reuter et al. found a statistically significant reduction in CO, total HC and benzene

emissions with all three fuel oxygenates compared to the non-oxygenated fuels.  The NO
x

emissions increased for all of the oxygenates, but the result was statistically significant for

only the ethanol fuels, the fuel set with the highest oxygen content.  The average effect for

the complete fuel set was also found to be significant, about (+1.6 ± 1)% NO  per wt %
x

oxygen.  Acetaldehyde emissions increased greatly for ethanol and ETBE fuels.  The fleet

average CO benefit for the 7 test oxygenate fuels is -3.8% per wt % oxygen.  The effect of

reducing the fuel RVP by 1 psi did not have a statistically significant effect for the

oxygenate fuel set, although it did reduce the CO emissions by 10.4 ± 8.0% in the non-

oxygenated fuel set.  In general HC and CO emissions are reduced when fuels with lower

RVP are used.  An important result from a comparison of effects of the different

oxygenates is that they all have quite similar benefits, when normalized to the wt % oxygen

content.  It is generally assumed that the oxygenates' effects are indistinguishable except

for the special effects on aldehyde emissions as discussed later.  

Another Auto/Oil study (Hochhauser et al., 1991) compared the emission benefits of a 15%

MTBE fuel in current and older vehicles.  The current vehicles were the same 1989 model

year group described by Reuter et al. (1992).  The older vehicle group consisted of fourteen

1983-1985 model year vehicles with 42,000 to 79,000 odometer miles and 1.8 to 5.7 liter

displacement engines.  Twelve of these older vehicles had carburetors and two had throttle

body injection.  Four of the vehicles had three-way catalysts (TWC), four had oxidation

catalysts (OC) and six had both TWC and OC.  The older group of vehicles also had

relatively low emission levels.  The results of the study are summarized in Table 1.3.  The
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mass emissions from the older group are from 2 to 2.4 times larger than the current fleet.

The oxyfuel benefits are also larger for the older higher emitting vehicles.  The effects of

the oxyfuel on the current fleet are similar to the results reported in Table 1.2, as expected.

Table 1.3   Summary of results from Hochhauser et al. (1991) on the effects of a 15%

MTBE fuel (2.7 wt % oxygen) on a current group of 1989 model year vehicles and a group

of older 1983-1985 model year vehicles.  Both groups included cars and light duty trucks

and represent relatively low emitting vehicles.

 Mass emission % Change with     
           Emission        (g/mi)        oxyfuel a

b

per wt % oxygenc

CO

    Current Fleet         2.8 -4.1 ± 1.3

      Older Fleet         6.2 -5.2 ± 1.4

HC

    Current Fleet         0.22 -2.2 ± 0.9

      Older Fleet         0.53 -3.4 ± 1.1

NO
x

    Current Fleet         0.6 +0.5 ± 0.7

      Older Fleet         1.2 +0.5 ± 0.7

  HC = Total hydrocarbons.
a

  Mass emissions are average values for test fuels.
b

  Note that the oxyfuel effects have been normalized to 1 wt % oxygen.
c

The uncertainties represent 95% confidence limits.    

A study was carried out as a part of the Auto/Oil AQIRP series to examine fuel effects on

high emitting vehicles (Knepper et al., 1993).  The effects of oxyfuels on high emitting

vehicles are particularly important because there is evidence that, although they represent

a small fraction  of the on-road fleet, they are responsible for a disproportionately large

amount of urban CO as discussed in the section on �Model Predictions.�  A group of seven

1986-1987 model year vehicles were selected for their high emission characteristics.  The

vehicles were diagnosed to have various problems that caused them to run fuel rich.  The

Federal Test Procedure CO emissions ranged from 17 g/mi to 216 g/mi.  The HC emissions

were also quite high, ranging from 1.5 g/mi to 15 g/mi.  The NO  emissions tended to be
x

low as expected for vehicles running in a fuel rich condition, averaging about 0.5 g/mi.

The oxyfuel effects were tested with a 3.65 wt % oxygen ethanol fuel and 2.76 and 2.54

wt % oxygen MTBE fuels.  The results are summarized in Table 1.4.  Knepper et al.

reported that the emission levels varied greatly due to unstable maintenance of the air/fuel

ratio.  The values given in Table 1.4 for percent changes were obtained from bar charts.

In general the measurements had greater variability and much larger confidence limits than

results from stable vehicles.  The CO benefits are larger than observed in normally

operating vehicles, averaging about -9.7% per wt % oxygen.  The HC emissions were

similarly reduced,  averaging about -9.4% per wt % oxygen.  The NO  emissions increased,
x



Air Quality

1-13

averaging about +9%, although the mass emission for NO   remained generally low.
x

Table 1.4  Summary of results of Auto/Oil AQIRP study of oxyfuel effects on high

emitting vehicles (Knepper et al., 1993).  This group of vehicles had mechanical defects

causing them to run in a fuel rich condition.

 
    % Change with Oxyfuel 
         per wt % Oxygenc

 Emission Mass Emission 3.65% O 2.7% Oa b 

(g/mi)   EtOH   MTBE
x x

 CO 149,  124 -7.4 ± 7.4 -12 ± 7

 HC 12.0,  9.2 -6.8 ± 6.3 -12 ± 4

 NO  0.39,  0.55 +5.8 ± 3 +12 ± 3
x

  HC = Total hydrocarbons.  a 

  Mass emissions are fleet average for reference fuels.  The first number is for the ethanol and 2.76 wt %
b 

oxygen MTBE fuels.  The second number is for the 2.54 wt % oxygen MTBE fuel.

  The oxyfuel effects have been normalized to 1 wt % oxygen.  The uncertainties represent 95% confidence
c 

limits.

A series of tests were conducted by EPA (Mayotte et al. 1994 a,b) to determine the effects

of oxygenates and other fuel parameters on normal and high emitting vehicles characteristic

of the general population.  The vehicles were grouped according to the HC emission, where

vehicles emitting <0.82 g/mi represent the normal emitter group.  Although high HC

emission levels often correlate with high CO emission levels, they do not always correlate,

so the high HC emitting fleet may not be a high CO emitting fleet.  In Phase I of the

program (Mayotte et al., 1994a)  a fleet of twenty 1987-90 model year (MY) normal

emitters and sixteen 1987-90 MY high emitters were studied using eight fuels, five of

which were 2 wt % oxygen MTBE fuels and one of which was a 3.7 wt % oxygen ethanol

fuel.  In the Phase II study (Mayotte et al., 1994b) twelve fuels were tested in thirty-nine

vehicles, twenty-seven 1986-91 MY normal emitters and twelve 1986-89 MY high

emitters.  Ten of the fuels were reformulated blends containing 2.0% by weight oxygen

MTBE and one was a 2.5% by weight oxygen MTBE/ethanol blend.  The results are

summarized in Table 1.5.  In Phase I of the study the high emitters had significantly larger

reductions in CO and HC emissions with oxygenate fuel than the normal emitters.  In Phase

II the normal and high emitters showed similar CO and HC emission effects with the

oxygenated fuels.  The fleet benefits are estimated to be in the range of 4 to 5% reduction

in CO per wt % oxygen in these studies.  The oxyfuel effects on NO  emissions are small
x

in all cases.  The only statistically significant result was the highest oxygen content fuel

produced an increase in NO  emission in the Phase I normal emitter group.   
x

Although the primary objective of the oxyfuel program is the reduction of winter CO

emissions, relatively little is known about the effects of oxygenates on emissions at low

operating temperatures.  Vehicle testing at low temperatures poses special problems.  A

gasoline engine generates a large amount of heat, so a large cooling capacity is required in



Oxygenated Fuels

1-14

a test laboratory to simulate the operating conditions of a cold environment.  The rate at

which the engine and the catalytic converters of vehicle warm to obtain efficient operation

is critically important for a test to represent realistic operating conditions.

Table 1.5   Summary of results of EPA study of normal and higher emitting vehicles

(Mayotte et al. 1994a, b).

% Change with Oxyfuel per wt % Oxygen 
Phase I

           Normal Emitters             High Emitters
Emission 2% O  MTBE 3.7% O  EtOH 2% O  MTBE 3.7% O  EtOHa

x x x x

CO -2.4 ± 4.0 -2.3 ± 2.0 -8.0 ± 2.3 -6.8 ± 2.1

HC -4.2 ± 2.8 -2.0 ± 1.5 -5.1 ± 1.8 -5.2 ± 1.5

NO +1.0 ± 2.1 +1.5 ± 1.2 0 ± 5.2 -0.5 ± 3.3
x

Phase II
           Normal Emitters              High Emitters

Emission 2% O       2.5% O 2% O 2.5% Ox

MTBE MTBE/EtOH MTBE MTBE/EtOH
x x           x

CO -4.4 ± 2.7 -2.9 ± 1.9 -3.9 ± 2.1 -4.8 ± 2.4

HC -4.4 ± 1.7 -1.4  ± 1.6 -3.3 ± 1.5 -1.5 ± 2.5

NO -0.7 ± 1.5 -0.1 ± 1.2 -0.4 ± 1.6 -0.7 ± 3.6
x

  HC = Total hydrocarbons
a

  Oxyfuel effects have been normalized to 1 wt % oxygen.  The uncertainties represent 90% confidence limits.b

Hood and Farina (1995) have reviewed studies of oxyfuel effects on emissions from light

duty vehicles at low ambient temperatures.  One of the studies they reviewed was reported

by Most (1989) and conducted under the auspices of the Coordinating Research Council.

The test fleet consisted of sixteen vehicles representing a range of fuel inlet and emission

control technologies: four 1979-1980 MY carbureted vehicles with OC; six 1983-1986 MY

vehicles of which four were carbureted and two were fuel injected and all had TWC; and

six 1986-1988 MY vehicles with fuel injection and adaptive learning, closed-loop TWC

systems.  The test fleet did not include any high emitters.  The test fuels included 11.5 and

13 psi RVP fuels and oxygenate mixtures that were an 11% MTBE blend, and two 10%

ethanol blends.  The emission tests were conducted at sea level and 5000 ft altitude and at

temperatures at 35 E, 50 E and 75 EF.  The emission test results are summarized in Table

1.6.  The oxyfuel benefits have been normalized to 1 wt  % oxygen.  The oldest technology

group, the carbureted OC vehicles, had the largest and most consistent reduction in CO

emissions at all temperatures, typically about 9% reduction in CO per wt % oxygen.  The

middle technology group, the closed-loop, three-way catalyst vehicles, had reduced

benefits from oxyfuels, typically about 3.4% CO reduction per wt % oxygen.  The highest

technology group, the adaptive learning vehicles, had mixed effects from oxyfuels, and in

some cases showed small enhanced CO emissions with fuel oxygenates.  The oxygenate

effects on this group at 5000 ft were negative, where half of the test set indicated an

increase in CO emissions with fuel oxygenate.
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Table 1.6   Percent changes in average CO emissions from oxyfuels (13 PSI Fuel Set)

under different ambient conditions of temperature and altitude.  Reported by Most (1989).

[Taken from Hood and Farina (1995)]

CO % Change with Oxyfuel per wt % Oxygenb

     Fleet Temp. 11% MTBE 10% EtOH     10% EtOHa

Technology (EF) (Splash) (Matched)
      2% O   3.66% O    3.75% O

x x x

              Sea level
CL/AL/TWC 35 -2.8 -0.14 -4.0

CL/AL/TWC 50 -5.1 -3.2 -1.4

CL/AL/TWC 75 -4.1 -4.0 -0.21

CL/TWC 35 -1.8 -4.3 -3.8

CL/TWC 50 +1.4 -3.2 -3.5

CL/TWC 75 -3.8 -4.4 -1.5

          5000 ft altitude
CL/AL/TWC 35 +1.3 +1.9

CL/AL/TWC 50 -2.5 -5.9

CL/AL/TWC 75 +6.1 -4.5

CL/TWC 35 -5.9 -3.7

CL/TWC 50 -9.4 -4.3

CL/TWC 75 -0.3 -2.6

COC 35 -13.2 -7.2

COC 50 -6.5 -8.4

COC 75 -9.8 -9.9

  CL = closed loop, AL = adaptive learning, TWC = three-way catalyst, COC = carbureted with oxidation catalyst.
a

  The oxyfuel effects are normalized to 1 wt % oxygen.
b

Hood and Farina (1995) reviewed results from a study sponsored by the American

Petroleum Institute (Lax, 1994).  The study examined the effects of oxygenate and RVP

onemissions from an eleven vehicle fleet at 35 E, 55 E and 80 EF.  The 1981 to 1989 MY

test fleet was divided into six categories: one - OL/CARB/OC; one - CL/MPFI/OC; two -

OL/CARB/TWC; one - CL/CARB/TWC; two - CL/TBI/TWC; and four - CL/MPFI/TWC,

where OL = open loop, CARB = carbureted, OC = oxidation catalyst, CL = closed loop,

MPFI = multi-port fuel injection, TWC = three way catalyst, and TBI = throttle body fuel

injection.  The fuel oxygenates included 10% ethanol (3.5 wt % oxygen), 15% MTBE (2.7

wt % oxygen) and 17.1% ETBE (2.7 wt % oxygen).  The fleet average CO emission levels

were about 5, 7, and 15 g/mi at 80 E, 55 E, and 35 EF, respectively.  The fleet fuel effects

are summarized in Table 1.7.  For CO emissions, the oxyfuel benefits decreased by about

a factor of 3 at the lowest temperature, 35 EF, compared to the effects at 55 E and 80 EF.

The HC emissions were consistently reduced by fuel oxygenate by about 3.5% per wt %

oxygen at all temperatures except for the high oxygen fuel at 35 EF.  The NO  emissions
x

were generally increased by the addition of fuel oxygenate.  No distinct emission benefit

of one oxygenate over the others was identified.  
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Table 1.7   Summary of oxyfuel effects from American Petroleum Institute (Lax, 1994)

study [taken from Hood and Farina (1995)].

Oxyfuel Effect per weight % Oxygena

Temperature               2.7 wt % O fuels            3.5 wt % O  fuels
x x

         (EF) CO HC NO CO HC Nox x

         35 -1.9 -3.7 -1.4 -1.8 -2.1 +0.9

         55 -6.4 -3.4 +2.7 -6.3 -3.4 +2.7

         80 -5.7 -3.8 +1.5 -5.6 -3.7 +1.5

  These data represent the 13 PSI fuel set.
a 

Hood and Farina (1995) summarize the effects of oxygenates at low ambient temperature

as follows:  (Note the % benefits have been calculated assuming an average 3.1 wt %

oxygen fuel.)

(1)  At temperatures of 80 E to 55 EF there are only small changes in vehicle exhaust

emission levels.  Vehicles with closed-loop controls experience CO and HC reductions in

the ranges 1 to 4.5% per wt % oxygen and 1 to 4.8% per wt % oxygen, respectively.  The

CO reductions in open-loop control vehicles were greater, from 3.2 to 10% per wt %

oxygen.

(2)  At temperatures of 55 E to 20 EF the CO and HC emissions generally increase relative

to their levels at 75 EF.  The oxygenates reduce CO and HC emissions but the effect on CO

(on a percentage basis) is smaller than at 75 EF.  Vehicles with closed-loop controls

experience CO and HC emission reductions in the ranges 0.6 to 6.5% per wt % oxygen and

0.6 to 3.9%, respectively.  Vehicles with open-loop controls experienced CO and HC

emission reductions of 0.6 to 8.4% per wt % oxygen and 0.3 to 2.6% per wt % oxygen,

respectively.

At temperatures below 20 EF very few data are available.  The HC and CO emission rates

show large increases of 2 to 6 times higher than at 75 EF.  The available data fail to show

consistent reductions with added oxygenate.

The reason for the low and sometimes negative oxygenate effects on CO emissions

observed at low temperatures has not been identified.  This is in contrast to most fuel-

emission effects which can be understood in terms of chemical and engineering principles.

Doyon et al. (1993) have discussed the effects of fuel volatility on vehicle CO and HC

emission levels at low temperatures.  Generally higher vapor pressure fuels are used during

the winter season to compensate for the effect of low ambient temperatures decreasing fuel

vapor pressure.  It is possible that the oxygen present in the oxygenate is consumed by the

excess hydrocarbon in the cooler fuel rich environment encountered at low temperatures.

Thus the fuel oxygen oxidizes hydrocarbons to CO rather than oxidizing CO to CO .
2

Therefore the oxygenate may enhance CO emissions.

Fuel vapor pressure and fuel sulfur content affect the CO and HC emission levels of

vehicles.  Mayotte et al. (1994a) reported an 11.3% reduction in CO emissions in the

ombined normal and high emitting fleet, when the fuel RVP was reduced from 8.3 to 7.6
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psi.  A large effect of sulfur content on CO emissions was noted by Mayotte et al. (1994a)

who found a 13.8% reduction in CO emissions in the combined normal and high emitting

fleet, when fuel sulfur was decreased from 324 ppm to 112 ppm by weight.  An Auto/Oil

AQIRP study (Benson et al., 1991) reported 13% CO, 16% HC and 9% NO  reductions
x

from a ten vehicle, 1989 MY, low emitting fleet, when the fuel sulfur content was

decreased from 466 ppm by weight to 49 ppm.  Sulfur is known to poison the catalyst

thereby reducing its efficiency.  Although RVP and sulfur influence the CO emissions of

vehicles, their levels are not controlled in most winter oxyfuel areas.  Fuel sulfur and RVP

are controlled in California.

Other Emissions.  Most dynamometer studies report the effects of oxyfuels on pollutant

emissions other than CO.  An important effect of all oxygenate fuels is achieved through

dilution.  For example, adding 8 to 15% by volume oxygenate to a base gasoline or blend

lowers the benzene concentration proportionately.  In some fuels, oxygenates have been

used to replace benzene and other aromatics as octane enhancers.  Since some emissions

are unburned fuel components, the dilution effect directly lowers their levels.  On the other

hand the unburned oxygenates are found in the exhaust too.  Sulfur emissions are also

reduced by dilution.  Sulfur dioxide can decrease catalyst performance and is a source of

secondary atmospheric particles via oxidation to sulfuric acid.

Table 1.2 shows some representative effects of three standard oxygenates on total

hydrocarbons and several critical pollutants at 75 EF for a fleet of twenty relatively clean

1989 vehicles.  These results can be summarized as follows:  The HC emissions generally

decrease with added fuel oxygenate.  The NO  emissions increase with fuel oxygenate.
x

Benzene emissions are reduced by fuel oxygenate.  The 1,3-butadiene emissions are

reduced but not significantly except for the ethanol fuel with the highest oxygenate content.

The formaldehyde emission did not change significantly, although most studies find MTBE

increases formaldehyde emissions (Hood and Farina, 1995).  Acetaldehyde emissions

increase greatly with ethanol and ETBE fuels.  The data in Table 1.3 show that the effects

of oxygenates on HC and NO  emissions from older, higher emitting vehicles are similar
x

to the effects observed on the clean fleet (Table 1.2).

In general one would expect NO  emissions to increase with the addition of oxygenate to
x

a fuel.  The addition of oxygenate is equivalent to increasing the air/fuel ratio in Figure 1.2.

NO  emissions are found to be less affected by oxygenates at low temperatures (Hood and
x

Farina, 1995).  This may be related to the increased HC emissions at lower temperatures.

The effects of low temperatures on toxics and other emissions are not well characterized.

In developing the California wintertime oxygenates program, the California Air Resources

Board staff evaluated the available data on the effect of fuel oxygen on motor vehicle

emissions and concluded that adding levels of oxygen higher than 1.8 to 2.2 wt % to

gasoline would lead to NO  emission increases.  They estimated that implementing a
x

wintertime oxygenate program with 2.7 wt % oxygen as specified in the Clean Air Act

could increase NO  emissions by about 4 to 8% (CARB, 1992).  The effect of oxygenates
x

on NO  emissions appears to be nonlinear and is discussed further in the section on �Model
x

Predictions.�

Ambient particulate matter concentrations are affected by both direct emissions and by

secondary products formed by the atmospheric oxidation of  VOC, SO , and NO
2 x
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emissions.  Direct particle emissions from gasoline-fueled vehicles are small and the effect

of oxyfuels is not known.  The effects of NO , VOC and SO  on particle formation in the
x 2

winter urban environment are not well known.  

Field Studies
Bishop and Stedman (1989, 1990) used remote sensing to evaluate the effects of oxyfuels

on vehicle emissions in Denver, Colorado.  At the time of their initial study (Bishop and

Stedman, 1989) a 1.5 wt % oxygen fuel was required and the Colorado Department of

Health predicted a vehicle CO emission reduction of (11.7 ± 2.5)% using the EPA

MOBILE 3 Model.  Bishop and Stedman analyzed CO emissions from about 60,000

vehicles at a freeway on-ramp during and after the oxyfuel season.  They found a (6 ±

2.5)% reduction in emitted CO that could be attributed to oxyfuel.  The vehicles sampled

for this result were probably in the hot stable operating mode. 

In a second study Bishop and Stedman (1990) analyzed emissions from Denver vehicles

at two locations, a freeway on-ramp and an off-ramp before, during, and after the Colorado

oxyfuel season, 1 November 1988 through 28 February 1989.  During this period Colorado

required a 2.0 wt % oxygen fuel.  The Colorado Department of Health used the EPA

MOBILE 3 Model to estimate a 15.3% reduction in vehicle CO emissions.  Bishop and

Stedman analyzed more than 117,000 individual measurements of which about 4,900

vehicles were identified by make and model.  They reported a decrease in average CO

emissions of (16 ± 3)%.  They also found that between 7 and 10% of the vehicles were

responsible for 50% of the CO emissions.  Their results showed that newer vehicles tended

to have much lower CO emission levels than older vehicles but the emission levels seemed

to level off for pre-1976 vehicles.  The CO reduction corresponds to (8 ± 1.5)% per wt %

oxygen.

An even more comprehensive remote sensing study in Denver was reported by PRC

(1992).  In this study the following factors were accounted for: gasoline composition,

ambient temperature and pressure, vehicle speed, vehicle age, vehicle emission control

technology, and the vehicle operating mode, e.g., cold start vs. hot running modes.  A total

of about 80,000 measurements were made at three locations, a freeway exit ramp and two

parking garages.  The study was conducted between October 1991 and April 1992.  The

fuel from selected in-use vehicles was sampled and analyzed.  The Colorado oxyfuel

program at this time required 2.0 wt % oxygen in November and 2.6 wt % oxygen in

December through February.  The study found an average 0.3% oxygen one month before

the program, 2.64% oxygen during the program, and 0.4% oxygen about 35 days after the

program. 

The PRC study found that there was about a 25% reduction in CO emissions and a 14%

reduction in HC emissions that could be attributed to oxyfuels at the off-ramp site.  The CO

reduction corresponds to about -10% CO per wt % oxygen.  These vehicles are probably

operating in a hot stable mode.  When broken down into MY groups, the report concluded

that each group receives approximately the same percentage benefit from oxyfuels.  The

newer vehicles have, on average, lower emissions, so the average reduction in CO mass

emission decreases as the average age decreases.  Vehicles emitting more than 3.5% CO

(3.5% of the total gaseous carbon emissions are CO) were classified as high emitting

vehicles.  It was found that high emitting vehicles were 3.2% of the 1983 (MY) and newer

population and they contribute 33.4% of the CO outside of the oxyfuel program.  It was

concluded that the 50% of the vehicles emitting the least CO realize very little CO
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reduction due to oxyfuel usage and that the 10% of the vehicles that emit the most CO

contribute more than half of the total CO and account for most of the reduction realized by

oxyfuel use.  No significant effect of ambient temperature on emissions from hot stable

vehicles was found.

A remote sensing study in Raleigh, NC, was reported by Rhudy et al. (1995).  The study

was made before, during, and after the 1994-95 winter oxyfuel program which requires 2.7

wt % oxygen fuels.  Carbon monoxide emission measurements were made on

approximately 180,000 vehicles with more than 2,000 individual vehicles measured at least

once during each of the three measurement periods.  The study found no significant

reduction in CO that could be attributed to the oxyfuel program.  This finding may be

flawed because of the lack of control over important variables, notably the ambient and

vehicle operating temperatures.  Nevertheless, the conclusion contradicts the findings of

all other similar studies.  This measurement program is to be continued with improved

controls.

A recent field study of oxyfuel emission effects was conducted by Kirchstetter et al. (1996)

in the Caldecott tunnel in the San Francisco Bay area in August and October, 1994.  In this

area a 2.0 wt % oxygen fuel is required from 1 October to 31 January.  The oxygenates in

use were 80% MTBE and 20% ethanol.  The pollutant concentrations were measured in

August, when the average oxygen content of the fuel was only 0.3 wt % (due to the use of

oxygenates as octane boosters), and in October.  The vehicles sampled were operating in

the hot stabilized mode.  The vehicles passing through the tunnel had the following

populations: 70% passenger cars, 30% pickup trucks and small vans, and 0.2% heavy duty

trucks and buses, during both sampling periods.  The typical speeds were 40 to 50 mph on

a 4.2% uphill grade.  Two potential complications of this study are that the CO emissions

were not measured after the winter oxyfuel season and that the slight uphill grade could

cause some vehicles to run in a power demand mode with a rich air/fuel ratio.  The latter

condition would result in an enhanced oxyfuel benefit.

Kirchstetter et al. report that during the oxyfuel period, CO emissions were reduced by (21

± 7)%, VOC emissions were reduced by (18 ± 10)%, benzene emissions were reduced by

(25 ± 17)%, NO  emissions and acetaldehyde emissions did not change significantly, and
x

formaldehyde emissions increased by (13 ± 6)%.  The acetaldehyde and formaldehyde

effects are consistent with the use of primarily MTBE oxygenate.  Speciated profiles are

reported for a large number of VOCs.  This study reports a substantial CO reduction of 14

to 28% that can be attributed to a 1.7 wt % oxygen fuel or about -(12 ± 4)% CO per wt %

oxygen.  A study in August 1995 (R. Harley, personal communication, 1996) found the CO

emission factor during the non-oxyfuel period was reduced by about 14% compared to the

previous August.  Based on this the reported CO decrease should be adjusted to about (19

± 7)%.

The remote sensing and tunnel studies find larger oxyfuel benefits than the dynamometer

FTP studies.  The reason for this difference may be related to the fact that the remote

sensing and tunnel measurements test emissions during the hot stable mode of vehicle

operation.  Rapp et al. (1993) analyzed the effects of certain fuel properties, including

oxygenate, on emissions during specific modes of vehicle operation for the same twenty

vehicle fleet described in the Auto/Oil AQIRP study by Reuter et al. (1992).  The HC, CO,

and NO  emissions were measured during nine different operating modes, which are part
x

of the FTP.  The results from this analysis could be useful in comparing data from tunnels
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and remote sensing, which observe vehicles operating generally in a single mode, with data

from the standard emission test, the FTP.  The tunnel study by Kirchstetter et al. (1996)

states that the vehicles travel at steady speeds of 40-50 mph.  This range can be compared

to results for 30 mph and 55 mph cruise modes, for which oxyfuel benefits of 9.6% and

0.9% CO reduction per wt % oxygen, respectively, were reported by Rapp et al.  These

figures represent the largest and smallest CO benefits found in the study, which is

surprising considering the two cruise modes are rather similar.  The average effect for the

two modes is a 5.4% CO reduction per wt % oxygen, which is 59% larger than 3.4% CO

reduction per wt % oxygen reported for the FTP.  The 30 mph cruise result of -9.6% CO

per wt % oxygen is possibly representative of the urban freeway on/off ramp traffic and is

nearly 3 times larger than the FTP benefit.  This analysis indicates that the tunnel study

(Kirchstetter et al., 1996) and the remote sensing studies (Bishop and Stedman, 1989, 1990;

PRC, 1992) may overestimate the oxyfuel benefit compared to the FTP result.  However,

it should be noted that in the study of Rapp et al. (1993), the fleet was a relatively clean and

low emitting group of vehicles.  It is not reasonable to attempt to quantitatively apply the

factors from the vehicle mode study to an on-road fleet.  

A comparison also can be made between the tunnel and remote sensing results with the Bag

2 emissions from the hot stable phase of the FTP.  Data reported by Hochhauser et al.

(1991) for the Auto/Oil AQIRP 1989 MY current (low emitting) and older fleets give the

ratios of the Bag 2 to the composite (FTP) oxyfuel benefits as 2.10 and 1.14, respectively.

These ratios also indicate that the hot stable phase emissions have larger oxyfuel CO

reductions than the FTP results shown in Table 1.3.  They are increased by 110% for the

current fleet and 14% for the older fleet.  These factors cannot be applied directly to the

tunnel and remote sensing results, but they further indicate that those types of

measurements are likely to overestimate the overall oxyfuel benefits.

Summary of Vehicle Emissions Studies
The emission studies reported here are presented as representative examples of efforts to

quantify the effects of fuel oxygenates on vehicle emissions.  For the purpose of predicting

the effect of oxygenate usage on urban air quality, the FTP dynamometer studies provide

the most useful available data.  These studies measure the emission effects over a range of

vehicle operating conditions.  Unfortunately these studies have some very important

limitations:  (1) A relatively small number of vehicles are studied and these are not

necessarily representative of the on-road fleet and specifically the fraction that emits the

largest amount of pollution.  (2) The studies with the best controls on fuel composition,

such as the Auto/Oil AQIRP studies, do not necessarily represent the effects of the fuels

sold to the consumers in winter oxyfuel areas.  Most FTP emission studies seek to isolate

the effects of specific fuel parameters known to influence vehicle emissions, such as the

concentrations of sulfur, aromatics, oxygenates, olefins, and paraffins as well as volatility

factors.  In the real world these factors are not controlled individually.  In most winter

oxyfuel program areas the only significant specification for the fuel is the wt % oxygen.

It is known that RVP as well as the concentrations of sulfur and aromatics also strongly

influence CO emissions, for example.  Therefore the applicability of the fuel parameters

derived from the carefully controlled studies reported above to the fuels sold in winter

oxyfuel program areas is unproven.  (3) The FTP test cycle does not necessarily represent

real urban driving conditions.  Although the FTP cycle does provide a valuable standard

for comparing fuel and vehicle effects, it is not possible that any single standard is

appropriate to driving in all cities and conditions.  For example, there is tremendous

variability possible in factors such as terrain, traffic patterns, traffic speed, traffic
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congestion, and travel distance which complicate any attempt to devise a representative

driving urban cycle.  An extremely important factor that has not been investigated

adequately is the effect of low temperatures on oxygenated fuel performance.  It is known

that the amounts of CO and HC pollutant emissions rise dramatically with decreasing

temperature.  The few  low temperature studies reported indicate that the effectiveness of

fuel oxygenate at reducing CO emissions decreases dramatically at low temperatures.

Improvements in vehicle technology, specifically air/fuel ratio control and catalyst

efficiency, have led to recent generations of vehicles that emit much less pollution.  These

cleaner cars not only emit much less CO per mile traveled but also have a lower percentage

reduction in emissions in response to the use of fuel oxygenate.  Therefore these clean

vehicles account for a relatively small improvement in air quality, when using oxygenated

fuel (PRC, 1992).  In a vehicle with a properly functioning oxygen sensor, the feedback

control of the air/fuel ratio acts to defeat the purpose of adding oxygenate to the fuel.  The

vehicles that will benefit the most from oxyfuels are high emitters, generally older vehicles

or newer vehicles with broken emission control systems (PRC, 1992).

Some of the important conclusions from vehicle emission studies are as follows:

C Carbon monoxide exhaust emissions from vehicles operating at temperatures of 50 EF

and higher are reduced by oxyfuels by about 2 to 10% per wt % oxygen in FTP tests.

For most vehicles the reductions are about 3 to 6%.  The CO emission reduction is

generally smaller in vehicles with newer technology: fuel injected, adaptive learning,

closed loop, three-way catalysts; and larger in vehicles with older technology:

carbureted, oxidation catalysts.  Malfunctioning, high CO emitting vehicles operating

fuel rich also experience larger CO reduction benefits from oxyfuels.

C The vehicle emission database at low temperatures is inadequate.  Oxyfuel effects on

vehicle CO emissions are uncertain at temperatures below 50 EF.  Low temperature

studies show some benefits down to 20 EF in some vehicles, but generally the results

are not conclusive.  Some studies report  an increase in CO emission with oxyfuels at

low temperatures.  It has not been demonstrated that oxyfuels will significantly

improve air quality at low temperatures.

C Hydrocarbon exhaust emissions from vehicles are reduced by 1 to 7% per wt % oxygen

by oxyfuels.  Generally the benefits are lower in new technology vehicles and larger

in older and higher emitting vehicles.

C Nitrogen oxide exhaust emissions are not changed significantly by low concentrations

of oxygenates but some studies show an increase in NO  emissions with oxygenate
x

concentrations higher than about 2 wt % oxygen.

C Fuel oxygenates decrease vehicle emissions of the toxics, benzene and 1,3-butadiene.

C Fuel oxygenates increase emissions of toxic aldehydes.  Ethanol and ETBE increase

acetaldehyde emissions by large amounts.  MTBE increases formaldehyde emissions.

C Some but not all remote sensing and tunnel studies find a large reduction in CO

emissions attributable to oxyfuel use in on-road vehicles.  The reported CO benefits are

about 10% per wt % oxygen.  Since the sampled vehicles are operating in a hot stable

mode, this benefit is likely to be larger than the FTP benefit.



Oxygenated Fuels

1-22

C Fuel vapor pressure and sulfur content have been shown to strongly influence CO

emissions, but these variables are not employed as a part of the CO emission control

strategy in most areas.

MODEL PREDICTIONS

Introduction
The data collected from emission studies are used to develop computer models for

predicting pollutant emission levels.  The major EPA models for evaluating vehicle

emissions and fuels are the MOBILE Model and the Complex Model.  The California Air

Resources Board (CARB) has developed the CARB EMFAC and Predictive models for

similar purposes.  The models are used to predict emissions for studies of photochemical

ozone and oxidant production, for particle concentrations, and for other ambient air quality

issues.  An advantage of the models is that they can be used to predict effects such as the

changes in vehicle emissions from using an oxyfuel.  They give the user a number.  The

disadvantages are that one has very little sense of the uncertainty in the number or of the

most important parameters defining the uncertainty.  The parameters that affect the CO

emissions from vehicles have been found to be many and complex.  The varying effects of

vehicle emission control technology, vehicle age and condition, fuel composition, and

ambient temperature defy generalization.  The ability of any present model to predict

reliable emission levels at low temperatures is doubtful, because comprehensive emission

data do not exist.

Kirchstetter et al. (1996) compared their measured emission rates with some values

predicted by the CARB EMFAC7F Model.  They compared the mass ratios for CO/NO
x

and VOC/NO  and found that the model agreed well with the observed VOC/NO  ratio but
x x

was low by nearly a factor of two in predicting the CO/NO  ratio.  Unfortunately, few such
x

detailed data sets which examine oxyfuel effects exist for testing the model predictions.

EPA Models
The MOBILE Model is designed by EPA specifically for use by the states in the

preparation of the highway mobile source portion of emission inventories required under

the Clean Air Act.  The MOBILE 5a Model is the standard tool currently available to make

fleetwide estimates of the effects of oxygenated fuels for purposes of area-wide inventories.

It estimates emission levels  in grams of pollutant per vehicle mile (g/mi) under a wide

variety of conditions, such as altitude, ambient temperature, average travel speed, operating

modes, fuel volatility, mileage accrual rates, and different fleet compositions.  It also takes

into account the impact of numerous emission control regulations and in-use vehicle

emission reduction programs.  The model can predict emissions for calendar years 1960

through 2020.  Because the model takes into account such a wide variety of conditions and

programs over an extended period of time, it accounts for their effects with varying levels

of sophistication and accuracy.

The basis for the MOBILE Model series is the on-going Emission Factor testing program

conducted by EPA since the early 1970's.  In this program, in-use vehicles are solicited

from their owners and the emissions of these vehicles are measured in contractor and EPA

laboratories.  Since 1990, data have also been collected at state run Inspection and
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Maintenance (I/M) stations, where vehicles arrive for mandatory, periodic emission

inspections.  The database derived from these testing programs has been used by EPA to

develop estimates of the in-use performance of highway vehicles for use in the MOBILE

Models.  Some of this analysis has appeared in journals and technical papers (Barth, 1984;

Bruetsch, 1981; Becker and Rutherford, 1979; Darlington, 1981; Glover and Brzezinski,

1989; Harvey and Michael, 1985; Lorang, 1984; Lorang et al. 1982; Michael, 1981, 1982,

1983, 1984; Montalvo and Hare, 1985; Pidgeon, 1984; Shelton, 1983, 1984; USEPA, 1983,

1984, 1985, 1988).

The adjustments to the basic emission levels estimated in the MOBILE Model to account

for oxygenated fuels are fairly simple.  These adjustments account for differences in the

technologies in the vehicle fleet and the changes in the composition of the fleet in different

areas and different calendar years.  The model assumes a linear relationship between fuel

oxygen level and percent emission benefit for vehicles of any particular baseline (non-oxy)

emission level.  The linearity constant depends on baseline emission level and vehicle fuel

delivery technology.  For example, for 1981 and later model years, there are a series of

oxygenate benefit/emission level parameters derived from studies of oxyfuel benefits on

a fleet of 273 vehicles.  These parameters are integrated into MOBILE 5a.  A representative

series of parameters is given in Figure 1.3.  Pre-1981 vehicles have parameters accounting

for vehicle age, technology, and CO emission level.  The technology factor accounts for

the fuel inlet system but does not explicitly identify the exhaust emission control system.

The figure shows that the magnitude of the emission benefit per fuel weight % oxygen

increases with vehicle emission level reflecting the EPA test programs which found higher

benefits on higher emitters and leveling off at the highest emission levels.  In general the

CO reduction factors are quite large, rising to almost 10% per wt % oxygen at an emission

level of about 15 g CO/mi.  Few of the emission studies in the previous section indicated

a benefit as large as 10% per wt % oxygen.

Since the largest CO reduction benefit is realized by the vehicles with the highest emission

levels (g CO/mi), the predicted reduction in fleet CO emissions from oxyfuel usage is

weighted heavily toward the high emitter benefit.  For example, a �fleet� of 10 vehicles

consisting of 9 relatively clean vehicles with an average CO emission level of 4 g/mi and

one high emitting  vehicle with an emission level of 60 g/mi has a fleet emission level of

96 g/mi.  Assuming an average oxyfuel benefit of 5% CO reduction per wt % oxygen for

the 9 clean vehicles and a 10.5% CO reduction per wt % oxygen for the high emitter, a 3.1

wt % oxygen fuel is predicted to reduce the fleet CO emission from 96 g/mi to 70.9 g/mi,

or -26.1%.  Thus the fleet benefit from oxyfuel use is equivalent to an average of 8.4% CO

reduction per wt % oxygen, which is much larger than the individual benefit experienced

by 90% of the vehicles in the hypothetical fleet.

Because the model predicted reduction in vehicle fleet CO emissions due to oxyfuels is

heavily weighted by the effects on the higher emitting vehicles, the distribution of higher

emitting vehicles in the fleet population is a critically important factor.  Vehicle emission

levels are assessed by EPA using the EPA IM240 test.  It should be noted that the IM240

test employed to obtain emission data for the MOBILE 5a Model represents vehicles in

warm to hot modes of operation, although the IM240 test is intended to be a FTP surrogate.

The tests involve vehicles brought in for inspection.  Since inspection is not required of

new vehicles during the first two years, unless there is a change of ownership, the effects

of new vehicles on the emission distribution is presumably accounted for separately. Figure

1.4 shows representative emission measurement data used in the MOBILE 5a Model giving
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the percentage of the total fleet emissions versus the percent of the fleet population as

diamonds connected by a line.  These data represent a fleet with an Inspection/Maintenance

Program.  The figure shows that the highest emitting 15% of the fleet accounts for about

50% of the CO emissions.  

Figure 1.3  This figure shows representative data used as input for the EPA MOBILE 5a

Model indicating the percent reduction in CO emissions per percent by weight oxygen fuel

versus the vehicle CO emission level.  These data are derived from emission studies of 273

1981 and later model year vehicles.  At very low emission levels the parameters depend

only upon the fuel inlet technology.  As the emission levels increase to about 15.3 g CO/mi,

the lines merge.  The Figure shows that the % CO reduction increases as the emission level

increases.
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This figure can be compared with results from an analysis of roadside emission tests

conducted in California in 1989.  Lawson (1993) examined data from low-idle (~1000 rpm)

emission measurements of 4,421 vehicles at locations throughout California.  The results

from his analysis are shown as circles in Figure 1.4.  He reports a relatively small fraction

of the vehicles, about 10%, accounts for about 62% of the emissions.  In general his results

show a small fraction of the vehicle population accounts for the bulk of the emissions from

vehicles in the idle mode of operation.

Figure 1.4  The diamonds and line in this figure show a fleet distribution of CO emissions

for model years 1976-1993 vehicles.  These data represent a fleet with an Inspection/

Maintenance Program.  The distribution is based on EPA testing of in use vehicle fleets in

Phoenix, AZ and Hammond, IN using a 4 minute transient emission inspection (IM240)

developed from the Federal Test Procedure.  The symbols F (open circle) represent data

reported by Lawson (1993) for 4,421 vehicles inspected in California.  The study was

conducted in 1989 on vehicles operating in a low-idle mode.  The symbols ~ (open square)

represent data reported by Zhang et al. (1995) from remote sensing measurements of about

87,200 vehicles in the U.S. during 1991-92.  The vehicles in this study were measured

while operating on the road and leaving or entering an urban freeway.  The symbols Î

(open triangle) represent data reported by Shepard et al. (1995) from 17,182 remote sensing

on-road measurements in suburban Detroit.  (The EPA data are courtesy of J.R. Cook,

EPA.) 
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A similar result was found in a remote sensing study conducted between June 1991 and

June 1992 and reported by Zhang et al. (1995).  They made on-road measurements of

operating vehicles in three U.S. cities, Chicago, IL, Denver, Colorado, and Los Angeles,

CA.  The measurement sites included slight uphill and flat surfaces that were city streets

or freeway on-ramps or off-ramps.  The results can be summarized as follows: in Chicago

8,733 vehicle tests show 7.5% of the vehicles account for 50% or more of the CO

emissions; in Denver 35,945 vehicle tests show 6.7% of the vehicles account for 50% or

more of the CO emissions and in Los Angeles 42,546 vehicle tests show 7% of the vehicles

account for 50% or more of the CO emissions.  The results of these measurements are

indicated by the square symbol on Figure 1.4.

A 1992 study in suburban Detroit by EPA and General Motors (GM) produced 23,979, and

17,182 measurements, respectively, of CO emissions using adjacent remote sensors

(Shepard et al., 1995).  The analysis excluded unidentified vehicles, diesel-fueled vehicles,

and heavy duty trucks.  The GM group included vehicles from 1964-1993 model years.

The distribution of CO emission rates from the GM data set are plotted as triangles in

Figure 1.4 for comparison with the other sets.  The EPA sensor produced a distribution

similar to the GM results.  It should be noted that these results as well as those reported by

Lawson (1993) and Zhang et al. (1995) represent vehicles operating in the hot stable mode

and therefore do not account for emissions over the full range of modes covered in the FTP,

the EPA standard for vehicle emissions tests.  On the other hand, the IM240 test used to

produce the data indicated by the line is conducted on hot stable vehicles as well.  The

measurements made in Chicago and Denver were made on vehicles traveling on urban

freeways, while the California measurements were made on an urban street.  The

agreement among these data sets indicates similar distributions are found in various

locations.

Because the remote sensing method employed by Zhang et al. (1995) and Shepard et al.

(1995) is a transient test of a vehicle's emissions, they may not detect some vehicles with

high emission levels during other parts of the driving cycle.  It is likely that some vehicles

emit large amounts of CO in an erratic manner or during certain operating conditions such

as a hard acceleration.  To the extent that these vehicles qualify as high emitters, they may

not be identified as such by the remote sensing technique.  This is a weakness of any

method that samples emissions for only a single mode of vehicle operation.  The effect of

this limitation will be to under-represent the population of high emitters in the fleet

distribution.

Although the studies by Lawson (1993), Zhang et al. (1995), and Shepard et al. (1995) do

not represent FTP tests, they find similar results for two different modes of operation.  The

idle and remote sensing distributions indicate a population with a very large fraction of the

total CO emissions, about 50%, coming from a small fraction, about 7%, of the vehicles.

Because the highest emitting fraction of the fleet tends to receive the greatest benefit from

oxyfuels, this distribution indicates a small benefit in terms of grams of CO per mile for

most of the vehicle fleet and a large benefit for a small fraction of the fleet.  This concept

is examined quantitatively in the PRC (1992) report.  The EPA emission distribution in

Figure 1.4 indicates a population in which about 15% of the vehicles account for about

50% of the emissions.  A distribution with too many high emitters will result in an

overestimate of the oxyfuel CO reduction benefit when coupled to the emission level data

in Figure 1.3.  The MOBILE 5a data indicate that the cleanest 50% of the fleet accounts

for about 16% of the CO emissions.  By contrast the idle and remote sensing studies
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indicate that about 50% of the fleet emits less than 5% of the total CO.  The difference

between the two sets of distributions is significant.

The effect of ambient temperature on vehicle emissions can be predicted with the MOBILE

5a Model.  Emission studies have shown that the amount of CO and HC emissions increase

with decreasing temperature, particularly the amount contributed by the cold start mode.

After a vehicle has warmed up, the fuel inlet and pollution control systems are expected to

function nearly the same as at 75 EF, the emission test standard temperature.  As the

ambient temperature decreases, the time required to reach standard temperature operation

increases.  At very low temperatures standard operation may not be obtained during the

vehicle operation.  The MOBILE 5a Model does not include a correction for the effect of

temperature on the oxyfuel benefit, because the quantity and quality of low temperature

emission data are judged to be inadequate to derive low temperature parameters for the

oxyfuel benefits.  Therefore, the 75 EF series of oxyfuel parameters, such as those shown

in Figure 1.3, are applied to the low ambient temperature emissions levels.  The available

low temperature data indicate that those parameters will greatly overestimate the CO

reduction at low temperatures.

Sample runs were performed with the MOBILE 5a Model for a variety of scenarios to

illustrate the predicted benefits of a 3.1 wt % oxygen oxyfuel on vehicle CO emissions.

These results are shown in Table 1.8.  All of the model runs are representative of the FTP,

the EPA standard operating cycle for vehicle emission testing.  The emission levels indicate

the total amount of CO emission per FTP cycle per vehicle divided by the effective number

of miles the vehicle traveled.  The predicted oxyfuel benefits are given as the total %

reduction and the % reduction per wt % oxygen.  The predicted benefits are large, about -

28%, and vary little for the different scenarios.  The baseline calculations show that the

emission levels decrease greatly from 1980 to 1994, but the oxyfuel benefit increases

slightly during that period.  One might expect an opposite trend, a decreasing benefit with

the newer fleets, because the newer technology vehicles generally show less benefit from

oxyfuels.  The effect of an I/M Program on the CO emission factor is predicted to be

substantial, reducing emissions by about  30%, but the oxyfuel benefit on the I/M fleet is

still large � 27.8%.  The benefits of I/M programs are not the focus of this assessment, but

a study by Lawson (1993) was not able to observe an effect of California's I/M Program

on reducing tampering or emissions as measured by the idle test.  The 35 EF prediction

indicates an increased CO emission level as expected.  The predicted oxyfuel benefit is not

significantly changed, because the MOBILE 5a Model uses 75 EF data for predicting

oxyfuel effects at all temperatures.

The 1994 baseline CO emission rate given in Table 1.8, 21 g/mi, is the predicted fleet

average.  Using this average value, the EPA distribution in Figure 1.4 indicates that more

than 50% of the fleet has an emission level of about 14 g/mi or larger.  The data in Figure

1.3 show that this corresponds to a predicted oxyfuel benefit of about 10% reduction in CO

emission per wt % oxygen.  The minimum CO reductions shown in Figure 1.3 are

experienced by only about 10% of the MOBILE 5a fleet.  The emission distributions

indicated by the remote sensing and low idle distributions in Figure 1.3, on the other hand,

indicate that about 75% of the fleet is relatively clean, with an average emission level of

about 2.8 g/mi, assuming a fleet average CO emission level of 21 g/mi.  This emission level

is comparable to the Auto/Oil AQIRP 20 vehicle clean fleet the evaluated in Table 1.2.

The dirtiest 7% or so of the remote sensing and low idle groups account for about half of

the total CO emissions and average about 150  g  CO per mile, assuming a fleet average
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Table 1.8   MOBILE 5a Model predictions of the effects of 3.1 wt % oxygen oxyfuel on

light duty gasoline vehicle CO emissions.  (Courtesy of D. Brzezinski, EPA.)

Emission Level (g/mi)           % Change
Run Description no oxyfuel with oxyfuel Total per wt % oxygena

1980 Baseline 55.3 40.4 -26.9 -8.7

1990 Baseline 25.4 18.3 -28.0 -9.0

1994 Baseline 21.3 15.2 -29.0 -9.4

1994 with I/M 14.8 10.7 -27.8 -9.0b

1994 35 EF 42.8 30.6 -28.6 -9.2c

1994 5500 Feet 23.4 16.6 -29.0 -9.4d

  Unless noted otherwise, the predictions correspond to vehicle operation at 75 EF at sea level and under the Federal Test
 a

Procedure.

  I/M indicates the effects of a state Inspection/Maintenance Program.b

  Calculations indicate performance at 35EF.c

  Calculations indicate performance at an altitude of 5500 feet.d

 

emission rate of 21 g/mi as estimated by the MOBILE 5a Model.  The large MOBILE 5a

Model predicted CO reduction, 9.4% per wt % oxygen, implies a fleet with a large fraction

of vehicles in the high emitting category.  This result is not consistent with the fleet

emission distributions indicated by the field data (Lawson, 1993; Zhang et al., 1995;

Shepard et al., 1995).

The EPA Complex Model for Reformulated Gasoline (RFG) was originally developed in

conjunction with Federal reformulated gasoline regulations to elucidate the relationships

among individual fuel parameters and pollutant emissions.  This model is a compliance

model and was developed specifically to identify fuels that would meet the RFG rule

requirements for VOC, NO , and toxic emission reductions.  The VOC and NO  emissions
x x

relate to photochemical air pollution problems, which peak during the summer season.

Most of the data on which the Complex Model is based were collected since 1990 on a

sample of vehicles selected to be representative of the 1990 model year (mostly fuel-

injected) passenger vehicles  [Auto/Oil AQIRP 1, 1990; Auto/Oil AQIRP 2, 1991; Auto/Oil

AQIRP 6, 1991; Auto/Oil AQIRP 8, 1992; Auto/Oil AQIRP 9, 1992; Mayotte et al,

1994a,b].  These emissions data were collected at typical summertime conditions.  The

number of high emitting vehicles and the ratio of exhaust and non-exhaust emissions for

1990 model year passenger cars were derived from the MOBILE Model.  

The application of the Complex Model to estimating oxyfuel emission effects for the on-

road fleet is limited by several factors:  (a) The Complex Model is constrained by statute

to vehicle technologies which are representative of 1990 model year.  (b) The Complex

Model emissions data base is for summertime conditions.  (c) Carbon monoxide emissions

were not a focus of the original Complex Model development.  Nevertheless, EPA believes

that the Complex Model is a useful tool for estimating the on-road fleet emission effects

of oxyfuels for the following reasons (D. Korotney, personal communication, 1996):  (1)

The Complex Model is based on much of the same data that are considered the most

reliable for up-to-date emissions estimates, a sampling of which is described in the above

section �CO Emissions.�  (2) Despite the fact that the Complex Model is constrained to
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1990 MY technologies, model years 1986-1991 are represented in its database.  EPA

estimates that this selection of technologies represents 30 to 50% of the current on-road

fleet.  (3) The MOBILE 5a Model does not provide estimates of the effects of fuel

oxygenate on fleetwide NO  emissions.  EPA believes that the Complex Model is a reliable
x

alternative as discussed below.  (4) The Complex Model uses a weighting of the emission

effects of normal and high emitting vehicles as a means of representing the emitter class

distribution of the in-use fleet.  EPA believes this approach allows the very limited data on

high emitters to be properly accounted for in the fleet emissions inventory.  (5) A carbon

monoxide supplement to the Complex Model was developed in 1995 using the same

database and statistical regression procedure that was used for the VOC, NO , and toxics
x

portion of the model.  Thus the Complex Model for CO can be used as a check on the

MOBILE Model estimates for CO.  (6) Since the Complex Model was built upon a large

data set comprised of a wide variety of fuel compositions and vehicles, EPA believes its

usefulness for estimating the effect of fuel parameter changes on emission is not limited

to RFG.  

Table 1.9 summarizes Complex Model predictions of fleetwide exhaust emissions effects

for five different oxygenated fuels compared to a base fuel.  The fuel parameters for the six

fuels are given in the top of the table.  The predicted percent changes in emissions

normalized to 1 wt % oxygen are given in the bottom part of the table.  The mass emissions

for the base fuel are also given.  There are two notable differences between the MOBILE

5a Model and the Complex Model predictions for CO.  The fleet average CO emission,

11.9 g/mi, is about half of that predicted by the MOBILE 5a Model.  The Complex Model

predicted reductions in CO for the various oxygenate blends are much smaller than those

predicted by the MOBILE Model, ranging from about 2 to 4 times smaller.  These dramatic

differences reflect the effects of improved vehicle technology and the fact that the 1990

technology vehicles do not emit as much CO and do not respond as much to fuel oxygenate

as most of the earlier vehicles.  In general the fuel effects predicted by the Complex Model

are comparable to those reported by Reuter et al. (1992) for the 1989 model year group and

summarized in Table 1.2.  The average CO emission level from the Complex Model is

almost five times larger than the Reuter et al. study level but the effects of fuel oxygenate

are comparable.

The most striking difference between the effects found in Table 1.2 and in some of the

other emission studies reviewed here compared to the Complex Model results concerns

NO , where the emission studies indicate an increase in NO  emission with fuel oxygenate
x x

and the model predicts no effect or a small decrease in NO  emission.  This discrepancy is
x

not as important to the winter oxyfuel program as it is to the Reformulated Gasoline

Program, as the latter requires by statute that the NO  emission can not be increased by
x

RFG.  The limited emission studies reviewed here indicate an increase in NO  emissions
x

when fuel oxygenate is used.  This observation is consistent with the expected effect of fuel

enleanment as shown in Figure 1.2.  The EPA stands behind the accuracy of the Complex

Model prediction that fuel oxygen increases do not increase NO  emissions for this in-use
x

fleet, even for oxygen levels above 2.7 wt % (D. Korotney, private communication).  It

should be noted that the analysis upon which the Complex Model is based involves a more

detailed review of a larger data base.  If the addition of oxygenate does not increase

fleetwide NO  emissions, it suggests some effect other than  enleanment is influencing the
x

emission.  For example, if the oxygenate reduces the combustion temperature or improves

the catalyst performance, the simple enleanment effect may not account for the NO
x

emission. 
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A CO emissions model developed by Rao (1996) reports the effects of various fuel

parameters on CO exhaust emissions.  The database used to develop this model is identical

to the database used to develop EPA�s Complex Model.  Rao�s model gives emission

effects for both normal and high emitting vehicles, where the high emitters are classified

based on total HC emissions.  He notes that 29 of the 32 high HC emitters studied would

be classified as high CO emitters.  The average CO emission for the 32 vehicle high

emission group is 31.5 g/mi.  For a 3.5 wt % oxygen fuel he finds a 3.3% reduction in CO

Table 1.9  Complex Model predictions of the effects of MTBE and ethanol oxygenated

fuels on on-road fleet exhaust emissions.  (Courtesy of D. Korotney, EPA.)

                             Fuel Parameters

    A    B    C    D    E

Fuel Base 15% MTBE 15% MTBE 10% EtOH + 10% 10%

+ d R EtOH + R EtOH a a

+ d + da a

Wt % O    0.0    2.7    2.7    3.5    3.5    3.5
x

Sulfur (ppm) 324 324 276 324 291 291

RVP (psi)  10.6  10.6  10.6  10.6   10.6   11.6

E200 (%)  47.3  47.3  55.1  47.3   52.6   52.6

E300 (%)  82.3  82.3  84.9  82.3   84.1   84.1

Aromatics  30.6  30.6  26.6  30.6   27.8   27.8

  (Vol. %)

Olefins  13.4  13.4  11.7  13.4   12.3   12.2

  (Vol. %)

Benzene   1.35    1.35   1.18   1.35    1.23    1.23

  (Vol. %)

Fuel Base    A    B    C    D    E

Emission Emissions Percent Changes  (Per wt % Oxygen)

  Mass 

  (g/mi)

CO 11.9   -4.4   -2.7    -2.7    -3.6     -2.2

VOC  0.46   -2.6   -0.4    -0.4    -1.6     -0.6

NO   0.68   -0.9   -0.004    -0.003    -0.5     -0.3
x

Benzene  0.024   -8.5   -4.1    -4.0    -6.4     -6.4

1,3-Butadiene  0.0048   -7.1   -2.8    -2.7    -5.0     -5.0

Formaldehyde  0.0046 +6.0 +4.9     0.0  +0.5   +0.5

Acetaldehyde  0.0023   -3.7   -2.9 +40 +39 +40

 d = effect includes dilution, R = RVP is controlled.
 a

per wt % oxygen for normal emitters and a 1.8% reduction for high emitters.  The  reason

for the smaller reduction in CO emission found in high emitting vehicles is not identified

and is the opposite of the effect shown in the MOBILE 5a Model benefits shown in Figure

1.3.  Rao�s model also indicates that reducing fuel sulfur from 339 ppm by wt to 139 ppm

decreases CO emissions by 9.6% and 8.0% in normal and high emitters, respectively.  This

effect is comparable to what is predicted for standard levels of fuel oxygenate, 2.7-3.1 wt

% oxygen.  It should be noted that this model is applicable to nominal 1990 MY technology

vehicles.
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Summary of Model Predictions
Models are used to provide inventories of urban vehicle emissions and to assess the effects

of fuels and vehicles on urban air quality.  Studies of on-road vehicle emissions and urban

air quality data have identified discrepancies between the model predictions and the

observations [Pierson et al., 1990; Fujita et al., 1992; Cadle et al., 1993; Lawson, 1993;

Pierson, 1995; Kirchstetter et al., 1996; Pierson et al., 1996; Robinson et al., 1996].  These

studies can lead to refinements in the models.  Accurate models require vehicle emission

data that are representative of the on-road vehicle fleet, of realistic urban driving patterns

and conditions, and of the fuels used by consumers.  The previous section of this chapter

has shown that the data required to predict the temperature effects of the winter oxygenated

fuel program are inadequate.  Although the models are critically important to air quality

programs such as the winter oxygenated fuel program it seems that few critical tests are

devised to evaluate the accuracy or reliability of the model predictions.

The predictions of fuel oxygenate effects on fleetwide CO emissions from the MOBILE 5a

Model and the Complex Model can be compared.  The CO emission reduction predicted

by the MOBILE Model is three times larger than the Complex Model prediction, 9.4% per

wt % oxygen compared to a 3.1% average for five different oxygenated fuels.  The

emission data reviewed here indicate that the MOBILE 5a Model significantly

overestimates the oxyfuel effect on CO emissions.  The differences between the MOBILE

and Complex Model predictions can to some extent be attributed to vehicle emission

control technology, since the latter model is focused on newer technology vehicles.  The

MOBILE 5a Model, however, does not show a significant change in predicted oxyfuel

effects from 1980 to 1994.

Some of the important conclusions regarding model predictions can be summarized as

follows: 

C The EPA MOBILE 5a Model appears to significantly overestimate the benefits of

oxyfuels on fleetwide CO emissions.  The model predicted benefit for high emitters is

very large and the fleet distribution has a large population of high emitters.

C The EPA Complex Model estimates a fleetwide reduction in CO emissions that is about

one third of the value predicted by the MOBILE 5a Model.  The Complex Model is

focused on 1990 model year technology representing vehicles with lower CO emission

levels and smaller oxyfuel CO reductions than the MOBILE Model.

C The EPA Complex Model estimates a negligible effect of fuel oxygenate on fleetwide

NO  emissions at oxygenate levels up to 3.5 wt % oxygen.  This estimate does not
x

agree with the conclusion drawn from the emission studies reviewed in this assessment,

but is based upon an analysis of a larger data set.

C No existing EPA model is capable of accurately predicting oxyfuel effects at

temperatures below about 50 EF.  The emission data available for assessing the effects

of low temperature on oxyfuel performance is inadequate and has not been

incorporated into the MOBILE 5a or Complex Models.

C Much of the data upon which the EPA MOBILE 5a Model is based have not been

published in the peer-reviewed literature.
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AMBIENT AIR QUALITY EFFECTS OF OXYFUELS

Introduction
In this section the effects of the winter oxyfuel program on ambient air quality are assessed.

Because the oxyfuel program is intended to improve air quality by reducing the ambient

concentration of CO, its direct effect on air quality is the most important measure of the

program�s effectiveness.  The EPA MOBILE 5a Model is the instrument used by the states

to predict the CO reduction expected from oxyfuel use within the oxyfuel program areas.

Recognizing the limitations of the model, it is the standard against which the observed

changes in ambient CO concentrations will be compared.  The urban areas with oxyfuel

programs during the winter of 1995-6 as well as the areas that are considering redesignation

or are not continuing the program are listed in Table 1.10.  It can be seen that all of the

geographical regions of the U.S. are represented.  In spite of the fact that many areas are

or have been involved in the winter oxygenated fuel program, relatively few studies have

been reported that attempt to measure the effect of the program on air quality.

The target pollutant of the program is CO, but it is possible that other air pollutants such

as NO , VOCs, toxics (benzene, 1,3-butadiene, formaldehyde, acetaldehyde, and polycyclic
x

organic matter), particles and ozone are also affected.  All of these materials, except ozone,

are directly emitted by vehicles.  Some particles grow or are formed from primary and

secondary pollutants such as SO , sulfuric acid, NO , nitric acid, and polar organic
2 x

compounds.  In some cases these pollutants are produced by the oxidation of the primary

vehicle emissions.  Other sources besides motor vehicles also contribute these pollutants

to the urban atmosphere.

Winter Photochemistry 
The approximate lifetimes for the toxics and the oxyfuel components in the urban

atmosphere during the winter months are of interest in considerations of the air quality

effects.  Removal of atmospheric contaminants occurs by several mechanisms including

OH-radical attack and direct photodecomposition during the daylight hours, NO -radical
3

attack at night, and by dry and wet deposition.  For most of the pollutants considered here,

the first process, OH-attack, is often the most important (Atkinson, 1994).  

Unfortunately, no measurements of urban OH radical concentrations during wintertime are

available.  For the purpose of estimating an approximate upper limit to the amount of

winter photochemistry, a crude analysis is made using the available information.  These

estimates are intended to represent a reasonable upper limit of winter urban photochemistry

and therefore are not intended to be representative of the average level of photochemistry,

which is likely to be very low and negligible in areas other than the southern latitudes.  It

should be noted that the estimates given here are different from the estimates given in the

chapter on Water Quality, where lifetimes are calculated based on the global average OH

concentration, and not a winter urban scenario.

The rate coefficients for the gas-phase reactions of the OH radical with the pollutants

(Atkinson, 1994) can be combined with estimated ambient OH radical concentrations to

obtain an estimate of the pollutant lifetimes.  It is expected that during wintertime the

ambient OH radical concentrations will decrease markedly with increasing latitude because
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Table 1.10   Areas with winter oxygenated fuel programs in 1995;  Areas considered for

redesignation for 1995; and  Areas previously redesignated.

Areas with Oxygenated Fuel Programs

Area Control Period Fuel Type

New York/No. NJ./Connecticut 10/1 - 4/30 2.7 RFG

Minneapolis/St. Paul, MN 10/1 - 1/31 2.7±

Albuquerque, NM` 11/1 - 2/28 3.1

El Paso, TX 11/1 - 2/28 2.7

Colorado Springs, CO 11/1 - 2/28 3.1

Denver/Boulder, CO 11/1 - 2/28 3.1

Ft. Collins, CO 11/1 - 2/28 3.1

Missoula, MT 11/1 - 2/28 2.7

Provo/Orem, UT 11/1 - 2/28 2.7

Las Vegas, NV 10/1 - 2/28 3.1

Reno, NV 10/1 - 1/31 2.7

Phoenix, AZ 10/1 - 2/28 3.1

Los Angeles, CA 10/1 - 2/28 2.0 RFG

Chico, CA 10/1 - 1/31 2.0

Modesto, CA 10/1 - 1/31 2.0

San Diego, CA 11/1 - 2/28 2.0 RFG

Sacremento, CA 10/1 - 1/31 2.0

San Francisco, CA 10/1 - 1/31 2.0

Stockton, CA 10/1 - 1/31 2.0

Anchorage, AK 11/1 - 2/28 2.7±

Grant�s Pass, OR 11/1 - 2/28 2.7±

Klamath Co., OR 11/1 - 2/28 2.7±

Medford, OR 11/1 - 2/28 2.7±

Portland, OR /Vancouver, WA 11/1 - 2/28 2.7±

Seattle, WA 11/1 - 2/28 2.7±

Spokane, WA 9/1 - 2/28 2.7±

Areas considering redesignation 
or that will not implement oxygenated fuel programs

Area Control Period Fuel Type
Baltimore, MD 11/1 - 2/28 2.7% RFG Area

Boston, MA 11/1 - 2/28 2.7% RFG Area

Raleigh-Durham, NC 11/1 - 2/28 2.7% RFG Area

Hartford, CT 11/1 - 2/28 2.7% RFG Area

Philadelphia, PA 11/1 - 2/28 2.7% RFG Area

Washington, DC 11/1 - 2/28 2.7% RFG Area

Fairbanks, AK 11/1 - 2/28 2.7%

Salt Lake City, UT 11/1 - 2/28 2.7%

Oxyfuel areas previously redesignated
Area Date of Redesignation
Greensboro, NC Sept. 2, 1994

Raleigh-Durham, NC Aug. 1, 1995

Syracuse, NY Sept. 23, 1993

Cleveland, OH Feb. 5, 1994

Duluth, MN April 14, 1994

Memphis, TN July 26, 1994
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of the reduced intensity and duration of sunlight.  Goldstein et al. (1995) deduced a

summer/winter ratio for OH concentrations of about 9 ± 2 at northern mid-latitudes.

Indirect measurements in the downwind portion of the Los Angeles basin in late October

1994 (Gupta, 1995) suggest a 12-hr average daytime OH radical concentration of

approximately 1 x 10  molecule cm  (to within a factor of 2-3).  It appears that a 24-hr6 -3

average OH radical concentration in the Los Angeles air basin of around 5 x 10  molecule5

cm  is a reasonable wintertime limit.  Significantly lower OH concentrations are expected-3

in the winter months of December and January.  For comparison this value is a factor of 2

lower than the global average tropospheric OH concentration (diurnally, seasonally and

annually averaged) of Prinn et al. (1995).  The OH radical concentrations for cities at

higher latitudes are expected to be lower than this value for Los Angeles.  For Denver we

estimate the winter average OH is a factor of 2 to 5 times lower than the Los Angeles value.

With rate constants (cm  molecule  s  units) for MTBE (2.9 x 10 ), ETBE (8.8 x 10 ),3 -1 -1 -12 -12

ethanol (3.3 x 10 ) and TAME (5.5 x 10 ) at 298 K (the rate constants are not very-12 -12

temperature dependent), the corresponding lifetimes for a 24-hr average OH radical

concentration of 5 x 10  molecule cm  are: 8 days for MTBE, 2.6 days for ETBE, 7 days5 -3

for ethanol and 4 days for TAME.  The lifetimes for Denver are estimated to be 2 to 5 times

larger than these values.  These lifetimes are sufficiently long that the photochemistry of

these fuel oxygenates can to a first approximation be neglected.  Their fate will be transport

out of the urban region and oxidation in the free troposphere.  During a 1-day time period,

about 12% of the MTBE will react with OH at a radical concentration of 5 x 10 molecule5

 

cm .  At higher latitudes, the lifetimes are longer and the photooxidation even less-3

significant.

The products of the gas-phase oxidation of MTBE, ETBE, ethanol and TAME have been

investigated at room temperature and atmospheric pressure (Atkinson, 1994, and references

therein; Smith et al., 1995).  The reaction of MTBE with the OH radical in the presence of

NO leads to the formation of tertiary-butyl formate (with a 76% yield), formaldehyde,

methyl acetate and acetone (Atkinson, 1994 and references therein), ETBE reacts to form

tertiary-butyl formate, tertiary-butyl acetate, ethyl acetate, acetone, acetaldehyde and

formaldehyde (Atkinson, 1994, and references therein).  Ethanol reacts to form mainly

acetaldehyde plus a small amount of formaldehyde and glycolaldehyde (Atkinson, 1994);

and TAME reacts to form tertiary-amyl formate, methyl acetate, acetaldehyde, acetone

(minor), formaldehyde, and a number of other organics and organic nitrates in low yield

(Smith et al., 1995).

These products of the tropospheric degradations of the oxygenates are expected to react

with the OH radical and, for formaldehyde, acetaldehyde and acetone, to photolyze

(Atkinson, 1994, and references therein; Smith et al., 1995).  Rate constants for the gas-

phase reactions of the OH radical with these products have been measured (Atkinson, 1989,

1994, and references therein; Smith et al., 1995).  Based on these OH radical reaction rate

constants, the calculated lifetimes of tertiary-butyl formate, methyl acetate and tertiary-

butyl acetate are >30 days at a 24-hr average OH radical concentration of 5 x 10  molecule5

cm ; the calculated lifetimes of ethyl acetate and tertiary-amyl formate are 14 days and 4-3

days, respectively, for the same OH radical concentration.  Formaldehyde, acetaldehyde

and acetone also undergo photolysis (Atkinson et al., 1992), with photolysis being

calculated to dominate over the OH radical reaction for formaldehyde, to be of similar

importance as the OH radical reaction for acetone, and to be less important than the OH

radical reaction for acetaldehyde.  The lifetimes of acetone and acetaldehyde are expected

to be approximately 50 days for acetone and 1.4 days for acetaldehyde, for a 24-hr average
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OH radical concentration of 5 x 10  molecule cm .  For formaldehyde, the photolysis5 -3

lifetime at zenith solar angles of 40 to 70 degrees range from about 5 to 16 hours (Rogers,

1990).  Hence, apart from formaldehyde and acetaldehyde which are also emitted in vehicle

exhaust and are photooxidation products of other fuel VOCs (Atkinson, 1994), the reaction

products of the oxygenates MTBE, ETBE and TAME are fairly long-lived under

wintertime conditions.

Concentrations of MTBE averaging about 4 ppb have been measured in the summer in Los

Angeles, CA (B. Zielinska, personal communication).  Goldan et al. (1995) measured

MTBE concentrations in Boulder, Colorado of up to about 10 ppb and averaging around

2 ppb during February 1991.  In both cases the ambient MTBE can be attributed to an

oxygenated gasoline source.  Using the OH radical concentration of 5 x 10  molecule cm5 -3

averaged over a 24-hr period, and neglecting losses of the products with the OH radical, the

amount of tertiary-butyl formate formed from 4 ppb MTBE over a 1-day period is about

0.4 ppb.

The lifetimes of the oxygenates and their atmospheric reaction products depend largely on

the ambient OH radical concentration, for which no direct data are available during

wintertime months and which can not be accurately estimated.  Based on an estimated 24-

hr average OH radical concentration of 5 x 10  molecule cm  for the Los Angeles area5 -3

suggests that the lifetimes of MTBE, ETBE, ethanol and TAME due to chemical reaction

range from a few days to a week or so, and that advection out of the urban area will

dominate over chemical reaction.  In fact, the physical loss processes of wet and dry

deposition to the Earth's surface may also be significant for these oxygenates.  The

atmospheric reactions of these oxygenates are calculated to lead to low concentrations of

reaction products in the urban environment.  For example, the formation of approximately

0.4 ppbv of tertiary-butyl formate is estimated over a 1-day time period from MBTE at

previously measured ambient MTBE concentrations of about 4 ppbv.  Winter

photochemistry is even less significant at northern latitudes, for example, in Denver it is

likely to be negligible during the winter oxyfuel season.

Trends in Ambient CO
The EPA reports regularly on the national trends in air quality.  The report for 1994 trends

(USEPA, 1995b) gives the 20-year record shown in Figure 1.5 which indicates a decline

of about 60% in the second 8-hour maximum concentration during the 1975-1994 period.

During the past 10 years average CO concentrations have decreased about 28% (USEPA,

1995a).   

The decline in ambient CO concentrations has had a remarkable effect on the number of

exceedances of the EPA 8-hour 9 ppm standard.  Table 1.11 shows a count of the number

of exceedances during the period from 1985 to 1994.  The drop in the number of

exceedances during the past 10 years is even more dramatic than the decrease in CO levels,

having decreased by over a factor of 10.  It should be noted that this is not a count of all of

the recorded CO exceedances of the 8-hour standard.  The only selection criterion for this

count was that to be included a station must have a full 10-year record of data.  Table 1.12

gives an accounting of all of the stations reporting exceedances in 1993 and 1994.  During

this period the number of exceedances seems to have leveled off.  This may be due in part

to weather conditions, such as temperature inversions, which can strongly influence the

frequency of exceedances.  There is also the effect of increasing vehicle miles traveled

counteracting the reduction in CO emissions per mile.  The data in Figure 1.1 may also

indicate this effect of the leveling off of the decline in recent years.
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Figure 1.5  Twenty-year trend in CO second maximum 8-hour concentration (USEPA,

1995b).  The break in the line around 1984 is due to a change in the number of monitoring

sites.
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Table 1.11   Count of the total number of exceedances of the 9 ppm 8-hour

standard from the 1985-1994 record of all urban stations.* 

Year   85   86   87   88   89   90   91 92 93 94

No. of

exceedances 778 690 429 359 373 215 125 69 38 60

 *Only stations with a full 10-year record (277 stations) are counted.  Most urban areas have several stations

so it is possible that single exceedance events are counted more than once.  The purpose of this table is to

show the general 10-year trend.

Since an exceedance involves a 9-ppm concentration threshold, the decline in urban CO

concentrations has steadily moved many urban peak values below this limit.  EPA data

show that the decrease in CO occurred in suburban and rural areas as well (USEPA,

1995b).  Because motor vehicles account for most of the CO emissions, it is reasonable to

attribute the decline in CO to improvements in vehicle technology in response to the EPA

mandated standards in vehicle emissions.  The decline started well before the period of

oxyfuel usage, which generally began in 1992 and has been limited mostly to winter

months. 

Table 1.12  Count of all reported exceedances* of the 8-hour 9 ppm standard reported by

about 550 urban stations in 1993 and 1994.

Area 1993 1994
Los Angeles, CA 22 38

Fairbanks, AK   8   7

Imperial, CA � 10

Steubenville, OH / Weirton, WV   4   7

Las Vegas, NV - AZ   3   5

Anchorage, AK   4   2

Denver, CO   4   4

El Paso, TX   3   1

Phoenix - Mesa, AZ   0   6

Jersey City, NJ   0   3

Newark, NJ   0   2

Detroit, MI   0   2

Provo - Orem, UT   2   1

Miscellaneous   6   8

Total 56 93

  *This is not a count of violations, because each area is allowed one exceedance per year and because single 

events may have been counted by more than one station within an area.  Note the Imperial, CA monitor was

not in operation in 1993 but accounted for 10 exceedances in 1994.

Since the oxyfuel program was initiated to improve air quality and specifically to reduce

winter ambient CO levels, one may expect to find a quantitative improvement in CO air
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quality that can be attributed to the use of oxygenated fuels.  One way to assess the effects

of oxygenate fuel additives on ambient air quality is to compare records of measurements

made before, during, and after periods of oxygenate usage.  Unfortunately such a

straightforward analysis is complicated by a number of factors acting to introduce

variations in ambient CO concentrations.

Meteorology in general is the single most significant variable with which one must contend

to measure the effectiveness of the program using ambient data.  Temperature inversions

are a major contributor to the winter buildup of CO.  Therefore the frequency and duration

of inversions are important variables affecting winter air quality measurements.  Lower

temperatures cause a large increase in vehicle emissions.  The data in Table 1.8 show that

the average CO emission from vehicles doubles when the temperature drops from 75 EF to

35 EF. In evaluating records from urban monitoring stations, other variables may also

interfere with the analysis.  As described above there is a long-term downward trend in CO

over the last decade or so that is attributable to EPA mandated exhaust emission standards,

reduced vehicle emissions and a turnover in the vehicle fleet.  This trend is being

counteracted by a steady increase in vehicle miles traveled, driven by increasing

populations and numbers of vehicles.  Measurements at specific monitoring sites may be

affected by local changes in traffic patterns, by rerouting streets and freeways, and even by

changes in traffic light sequencing.  

One factor favoring an observable reduction in ambient CO levels is that the predictions

indicate a large effect.  The MOBILE 5a Model predicts a reduction in CO emissions of

about 9.4% per wt % oxygen as shown in Table 1.8.  The EPA Air Quality Trends report

(USEPA, 1995a) states that in cities automobile exhaust can contribute as much as 95% of

all CO emissions and that transportation sources account for 78% of the nation's total CO.

The Colorado report on the oxygenated gasoline program (Livo and Miron, 1995) states

that mobile source emissions contribute approximately 80% of the total CO emissions in

the Colorado Front Range inventories.  Thus a factor of (80 ± 10)% seems reasonable for

the fraction of  winter urban ambient CO contributed by gasoline-fueled vehicles.  The

MOBILE 5a predicted emission benefit of 9.4% reduction in CO emission per wt % oxygen

reduces to an ambient benefit of about 7.5% CO reduction per wt % oxygen.  Based on this

prediction the 3.3 wt % oxygen fuel used in Colorado would reduce ambient CO by about

24%.  To indicate the magnitude of this change, a bar is added to the ambient CO data in

Figure 1.1 above the year 95.  The top of the bar shows the concentration of CO that would

have been experienced without oxyfuel, assuming oxyfuels did reduce ambient CO by 24%.

Such a large effect should be readily observable in the ambient CO record, in spite of the

confounding effects of meteorology and trends.

California Studies
The state of California has experienced some of the most serious air quality problems due

in part to motor vehicle pollution.  In the winter of 1992-3 California implemented a

modified version of the EPA mandated winter oxyfuel program to reduce ambient CO

concentrations.  The California oxyfuel program was modified to reduce the required

oxygen content from the EPA mandated 2.7 wt % oxygen to 1.8 to 2.2 wt % oxygen,

because of possible effects of oxyfuel usage on NO  emissions (CARB, 1992).  Eight
x

metropolitan areas were classified as non-attainment because of CO violations.  The winter

oxyfuel period for these areas generally fall within the months from October through

February. 
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Dolislager at the California Air Resources Board (CARB) has developed and applied

methods of analyzing ambient air quality data to examine the effects of the oxyfuel program

on CO concentrations.  In his first study (Dolislager, 1993) ambient air quality data in four

metropolitan regions, Concord, San Jose, and Vallejo in the San Francisco Bay Area Basin;

North Long Beach, Lynwood, and Los Angeles in the South Coast Air Basin; El Cajon in

the San Diego Air Basin; and Stockton and Bakersfield in the San Joaquin Valley Air

Basin, were analyzed.  It was noted that the air quality in the 1992-3 winter, which was the

first oxyfuel season, was greatly improved over previous years, for example, CO was

reduced over 30% compared to the 1991-2 winter.  However it was also noted that the

weather in 1992-3 was unusually wet compared to the previous winters and that wet

weather is accompanied by greater atmospheric mixing and dispersion.  In an effort to

eliminate the effects of meteorology, Dolislager developed an analysis in which the ambient

concentrations of hydrocarbons (HCs) and nitrogen oxides (NO ) are used as atmospheric
x

tracers.  Like CO, the winter urban HC and NO  come mainly from vehicle exhaust.  By
x

assuming that the HC and NO  emissions were not significantly changed by the use of
x

oxyfuels, their ambient concentrations provide an independent indication of the effects of

meteorology on air quality.  Thus changes in ambient CO relative to these tracers give a

measure of the effect of oxyfuel usage.  Trends in the CO, HC, and NO  concentrations
x

from the prior winters of 1985-6 through 1991-2 were determined and incorporated into the

analysis.  The results based upon the HC tracer were somewhat more variable than those

based upon the NO  tracer.  Hydrocarbon emissions are found to be reduced by fuel
x

oxygenate in most emission studies, so they are not expected to be a reliable tracer.  Some

reduction of CO was found in all four air basins studied.  The author concluded that the

California 1992-3 winter oxyfuel program accounted for a 6 to 10% reduction in ambient

CO.

In a subsequent report Dolislager (1996) made a similar analysis of the effect of the winter

oxyfuel programs from 1992-3 through 1994-5 based on data from the following

monitoring sites: San Jose and Vallejo in the San Francisco Bay Area Basin; Anaheim,

Burbank, Costa Mesa, Hawthorne, La Habra, Los Angeles, Lynwood, Pasadena and Reseda

in the South Coast Air Basin; Sacramento in the Sacramento Valley Air Basin; Fresno,

Modesto and Stockton in the San Joaquin Valley Air Basin.  The CO data showed

reductions of about 30, 10, and 35%, respectively, for these three oxyfuel winter periods

compared to earlier years.  NO  was used as a tracer of the confounding effect of
x

meteorology.  From this analysis he concluded that a 5 to 10% reduction in ambient CO

could be attributed to the usage of oxyfuel.  The accuracy of the analyses reported by

Dolislager is heavily dependent upon the assumption that the NO  emissions are not
x

affected by the 2% by weight oxygen in the fuel.  If the fuel oxygenate increases NO
x

emissions, he will overestimate the CO effect but if NO  emissions are decreased he will
x

underestimate the benefit.  The tunnel study by Kirchstetter et al. (1996) supports this

assumption for vehicles operating in the hot stabilized mode.  A study by Born et al. (1994)

also finds the effect of oxyfuels (at the 2 wt % oxygen level) on NO  emissions is small in
x

California vehicles.  On the other hand, there does appear to be a significant change in HC

and VOC emissions that can be attributed to the use of oxyfuel (PRC, 1992; Kirchstetter

et al., 1996; Born et al., 1994).  The 5 to 10% reduction in ambient CO by Dolislager

corresponds to an oxyfuel benefit of 2.5 to 5% per wt % oxygen.

CDC Study of 11 Western States
Mannino and Etzel (1996) published a study evaluating ambient CO concentrations in 11

western states.  They analyzed data from 62 monitors for the period 1986 through 1992.

The data set included five areas with winter oxyfuel programs from two seasons up to five
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seasons: Phoenix (3) and Tucson (2), AZ; Las Vegas (3) and Reno (3), NV; and Colorado

(5), where the number in parenthesis indicates the number of oxyfuel seasons.  The

oxyfuels in use in these areas ranged from 1.5 to 2.7 wt % oxygen.  The data set also

included areas outside of the oxyfuel areas as a control for comparison.  Summer (May

through August) as well as winter (November through February) periods were analyzed to

test for trend effects.  Hourly CO concentration data were analyzed to determine the

changes in the mean daily CO concentration, the 1-hour maximum daily CO concentration,

and the 8-hour maximum daily CO concentration.  Analyses for the effects of temperature

and wind were also made.  The analyses found that the winter season mean daily ambient

CO concentration in areas not using oxyfuels was reduced by (10.3 ± 11.5)% in 1989-91

compared to 1986-88.  For the same period, the areas with an oxyfuel program showed a

decrease in mean daily CO of (20.5 ± 7.9)%, where the uncertainties represent one standard

deviation.  The net reduction in mean daily CO concentration that can be attributed to

oxyfuel usage is about 10%.  The amount of oxygenate in the oxyfuels used ranged from

1.5 to 2.7 wt % oxygen, the average being 2.3 wt % oxygen.  The observed decrease in

ambient CO found in this study is therefore about 4.3% per wt % oxygen.

Colorado, Arizona , New Mexico, and Nevada Studies
The state of Colorado has the longest term oxyfuel program.  It started as a two-month

program in January 1988 with a 1.5 wt % oxygen additive and an EPA MOBILE Model

predicted 12% reduction in ambient CO and has evolved to a current four-month program

with a 3.1 to 3.3 wt % oxygen fuel and a model predicted 30% reduction in CO emissions

(Livo and Miron, 1995) and an estimated 24% reduction in ambient CO.  Anderson and

coworkers (Anderson et al., 1994, 1995) have attempted to find evidence of the reported

reductions in CO levels by treating the record of ambient CO concentrations since about

1981 with a statistical analysis.  The analysis method "a Structural Time Series Analysis"

fits a quantity that varies with time, in this case the ambient CO concentrations, with a

multi-term expression that accounts for the various independent factors contributing to the

variation of CO with time.  One term in the expression is associated with the time period

during which oxyfuels are in use.  The magnitude of this term is a measure of the effect of

the oxyfuel program on ambient CO.  Two data sets from several different sites in the

Colorado oxyfuel program area were subjected to analysis: (1) the monthly average CO and

(2) the monthly maximum 8-hour average CO.  Figure 1.1 shows a sample of the type of

data they analyze.  The Colorado oxyfuel seasons are indicated by the filled symbols on the

figure.  In an analysis of data through 1993, they reported (Wolfe et al., 1994) that they

could not find a statistically significant oxyfuel effect.  As a further test, they showed that

their analysis should detect a 10% CO reduction at about the 80% confidence level.  They

also analyzed data from four other western cities with winter oxyfuel programs,

Albuquerque, NM; Phoenix, AZ; Las Vegas and Reno, NV.  In recent years all of these

areas have had a winter program using at least a 2.7 wt % oxygen fuel.  In general these

data showed more variability and scatter.  Only data from Phoenix showed a statistically

significant reduction in CO due to oxyfuel usage. 

A new study from this group (Wolfe et al., 1996) extends and updates their earlier analyses

of Denver area data.  They analyzed monthly data from three CO monitors for 1981 through

June 1995.  They combined the results from two different types of statistical analyses, a

Structural Time Series Analysis and an ARIMA analysis.  They report an oxyfuel reduction

in ambient CO of (7 ± 10)%, where the uncertainty represents the 95% confidence limits.

This reduction in CO corresponds to about a (2.3 ± 3.3)% CO reduction per wt % oxygen.
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Several important factors affecting ambient CO are not explicitly accounted for in their

analysis.  Meteorology is the most important, because it plays a dominant role in the winter

CO maxima.  They contend that by averaging over such a large time scale this effect should

"average out".  A second possible systematic error could come from changes in driving

patterns, particularly vehicle miles traveled, during the winter months.  More recently they

have attempted to assess the role of urban vehicle counts on CO levels (Anderson, 1995,

personal communication) and find no significant effect.  On the other hand one might

expect a small complement to the oxyfuel CO reduction in the Denver area, because during

periods of high ambient CO, there are designated no-driving and no-wood burning days.

This program discourages driving and prohibits most wood burning, which is a small

contributor to ambient CO.  

Alaska Study
Anchorage, AK, initiated an oxyfuel program during the winter of 1992-3.  The ambient

CO concentrations during that period declined by about 20 to 30%, an unusually large

amount compared to variations observed in previous years.  Heil (1993) developed a model

to predict CO concentrations from weather observations, such as wind, temperature,

pressure, and cloud cover, from CO emission estimates and from other variables.  The idea

was to compare the model predictions before and after oxyfuel implementation to

determine if there was a residual effect that could be attributed to the oxyfuel.  Heil

concluded that of the observed 27% reduction in CO during the winter of 1992-3, about

16% was due to the variables in the model, mostly weather.  The residual 11% decline in

CO could be due to oxyfuel usage, but a propagation of uncertainties in the model and in

the input parameters led her to conclude that it was unclear whether or not the oxyfuel

program contributed to the decline in CO.  If the 11% decline in CO is attributed to the use

of a 2.7 wt % oxyfuel, the residual reduction in ambient CO corresponds to 4.1% per wt %

oxygen.

North Carolina Studies
Three North Carolina counties (Durham, Forsyth, and Wake), with a history of violating

the CO air quality standard, and eight neighboring counties were mandated by EPA to sell

only oxygenated fuel during the 1992-3 winter season, November through February.  The

ambient CO data for selected stations in the oxyfuel program area covering a four-year

period including the first oxyfuel season were analyzed by Vogt (1994).  As a control these

data were compared with ambient CO data from selected urban areas (Fayetteville and

Charlotte) outside the oxyfuel program.

A general downward trend in urban CO was reported.  The reduction in the observed

maximum values was found to be greatest during the 1992-3 oxyfuel season.  The study

concluded that this change was not statistically significant, although some local

improvements may have been realized.  It was noted that changes in meteorology

introduced a confounding factor in analyzing the air quality data. 

A second report by Vogt et al. (1994) took a closer look at the weather patterns during the

high CO seasons.  They analyzed data from two oxyfuel seasons 1992-3 and 1993-4 as well

as some prior years.  They focused on several parameters including atmospheric stability,

wind direction, wind speed, temperature and precipitation.  They concluded that any benefit

in CO reduction from oxyfuel usage was masked by the influence of meteorological

conditions.
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A statistical analysis of CO trends from about 1987-9 to 1994 was made by Cornelius

(1995) in an effort to find an effect that could be attributed to the North Carolina oxyfuel

program.  Ambient CO records were analyzed for oxyfuel areas and non-oxyfuel areas

including, Raleigh, Durham, Greensboro, Winston-Salem, Charlotte, and Fayetteville.

Meteorological data, notably precipitation events, were included in the analyses.  The

trends in ambient CO were determined for the years prior to the implementation of the

oxyfuel program and were extrapolated into the oxyfuel seasons to generate predicted CO

levels with which the observed levels were compared.  Several areas were exempted from

the oxyfuel program beginning with the 1994-5 winter season.  All of the sites experienced

generally declining CO trends.  No quantitative factors were assigned to an oxyfuel effect

for any area.  In Raleigh, Durham, and Greensboro a reduction of CO during the oxyfuel

season beyond the trend was observed, but it was concluded that this could be attributed

to either weather or oxyfuel usage.  In Winston-Salem the observed ambient CO levels

showed no effect that could be attributed to oxyfuel usage.

Utah Study
Keislar et al. (1995) made a study of ambient CO concentrations to determine the effects

of the oxyfuel program in Provo, Utah.  Their approach was to measure CO and CO
2

concentrations at a number of test and control sites before, during, and after the local

oxyfuel season, 1 November 1994 to 19 January 1995.  The test sites included two street

intersections, one mid-block location and one parking garage in Provo.  Similar locations

in Salt Lake City, which is geographically close but outside the Provo oxyfuel area, were

monitored as a control during the test period.  In addition the background CO and CO
2

concentrations were monitored.  They used five separate numerical techniques to

investigate the change in background corrected CO/CO  concentration ratios from Provo,
2

after normalization to the Salt Lake City control.  They report that their results show that

nearly all of the observed CO at the study site can be attributed to mobile sources.

Although their measurements are made on whole air samples, their analysis method

corrects for the background concentration.  Therefore this study is more an analysis of the

emission effect of oxyfuels than of the effect on the urban ambient CO level.  The test fleet

is probably a mix of cold and hot vehicles.  The Provo oxyfuel sales indicate that 30 to 35%

of the fuel was a 15% by volume MTBE blend and the remainder was a 7.8% by volume

ethanol blend.  Both contain about 2.7% oxygen by weight.

Although some reduction in CO is observed at the Provo sites during the oxyfuel season,

Keisler et al. state that no reduction is significant at the 95% confidence level for more than

one numerical analysis technique.  They report an upper limit of 9-10% mean reduction at

the 80% confidence level in the observed CO/CO  ratios for morning rush hour samples.
2

Two of the analysis methods found reductions of 15% and 35% in the parking garage at the

82 and 91% confidence levels, respectively.  The latter they characterize as cold start data.

Keislar et al. report that the sensitivity of their method of measuring an oxyfuel effect

suffered, because of the use of differences and ratios of individual measurements.  Keislar

(personal communication, 1995) indicates that some of the background measurements may

have been contaminated by local emissions.  In that case, their report will underestimate

the benefit of the oxyfuel and the reduction would be greater than 10%.  The reported 10%

upper limit corresponds to the vehicle CO emission benefit.  If the ambient concentration

benefit is assumed to be 80% of this, the ambient benefit is about 3% per wt % oxygen.
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Other Ambient Air Quality Effects
The primary reason for the winter oxyfuel program is to reduce ambient CO concentrations,

but emission studies show some effects on other emitted pollutants as well.  Unfortunately,

there are very few studies of the effects of the winter oxyfuel program on ambient air

quality other than the CO studies.  Anderson et al. (1994, 1995) have reported

measurements of formaldehyde (CH O) and acetaldehyde (CH CHO) in Denver, Colorado,
2 3

since 1988.  They find the winter concentrations of these toxic gases are correlated with

ambient CO and conclude that vehicles are an important source of both compounds.

Vehicle emission studies find that ethanol gives an enhanced acetaldehyde emission and

MTBE gives an enhanced formaldehyde emission. Their data (Anderson et al., 1995) show

a steady increase in the formaldehyde to acetaldehyde ratio during the winters from 1988

to 1992-3.  During this period the winter oxygenate was changing from about 95% market

share MTBE and 5% ethanol to about 55% market share MTBE and 45% ethanol.  Thus

direct vehicle emission effects are expected to exhibit an opposite trend, i.e., with

acetaldehyde concentrations increasing relative to formaldehyde concentrations.  The

reason for this discrepancy is not understood but may involve unknown factors in the

emissions and sources, in atmospheric loss mechanisms (such as heterogeneous reactions),

or in the sampling and measurement of the aldehydes.  The winter concentrations of these

gases are around 4 to 6 ppbv for formaldehyde and 2 ppbv for acetaldehyde in recent years

(Anderson et al., 1995).

The Utah Division of Air Quality conducted a study during the 1994-5 winter oxyfuel

season in Utah County (Provo) to determine the effect of oxyfuel usage on the

concentration of small particles, PM , in the urban atmosphere (Olson, 1995).  PM  refers
10 10

to particles with diameters of 10 Fm or less.  These particles are drawn into the lungs and

are suggested to be a human health hazard.  Particles were sampled and analyzed in both

Utah County and in Salt Lake County, which is not an oxyfuel area, as a control during and

after the oxyfuel season.  Utah County used a 2.7 wt % oxygen fuel during the test period.

Unusual meteorology was experienced during the 1994-5 oxyfuel season and there were

few atmospheric inversions, which usually account for high levels of small particles.  The

unusual meteorology also caused some contamination of the Salt Lake County control area

with particles from Utah County.  An analysis and extrapolation of the data indicated that

under extreme conditions of very high particle densities, oxyfuel usage could contribute a

small increase in small particle concentration.  Cooper et al. (1995) have proposed that

increases in vehicle NO  and aldehyde emissions caused by fuel oxygenates may enhance
x

the formation of small particles during winter oxyfuel periods.

There are numerous stations making air quality measurements in many urban sites, but no

other studies or reports or attempts to assess oxyfuel effects on winter air quality are

known.  Therefore one must rely upon emission studies and models to estimate the effects

of other pollutants on air quality.

Summary of Ambient Air Quality Effects of Oxyfuels
Table 1.13 summarizes the results from studies of the effects of the winter oxygenated fuel

program on urban CO concentrations.  They are listed in the approximate order in which

they are rated to provide a quantitative measurement of the oxygenated fuel effect, with the

best studies at the top.  The best studies account for the effects of trends and meteorology.

The ambient CO analyses are rated as the most significant measurement of the effectiveness

of the program, to reduce urban CO concentrations.  As described above five analyses were

unable to find a statistically significant reduction in CO that could be attributed to the

oxyfuel, while four found reductions that generally fall in the range of 5 to 10%.  It is not
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clear whether or not the studies not finding a measurable oxyfuel effect would be capable

of detecting a 5 to 10% reduction in CO.  All of the studies report a steady downward trend

in CO and problems from the confounding effects of meteorology in extracting an oxyfuel

effect.  Several of the studies observe that the winter of 1992-3, the first year of the oxyfuel

program, was an unusually rainy season and was accompanied by an unusually large drop

in CO concentrations.  Since the rainy weather is characterized by more than usual

dispersion of pollution, a decrease of about 20% in the ambient CO observed that season

is attributed to the weather (Heil, 1993 and Dolislager, 1996).

Table 1.13  Summary of studies analyzing ambient CO data to measure the effectiveness

of the winter oxyfuel program.  The studies are ranked with the ones rated the most

quantitative listed first.

Study Winter Years Area Wt % Oxygen Reported CO 
Reduction

Dolislager  (1996) 1992 to 1995 CA 2 5 to 10%

Mannino and Etzel 1989 to 1991 AZ 1.5 to 2.7 ~10%

(1996) CO

NV

Wolfe et al.  (1996) 1989 to 1995 CO 2 to 3.1 (7 ± 10 )%

Heil  (1993) 1992/3 AK 2.7 <11%

Vogt et al.  (1995) 1992 to 1994 NC 2.7 not detectable

Cornelius  (1995) 1992 to 1994 NC 2.7 not detectable

  The first column gives the reference for the study. 

  The second column indicates the years of data analyzed.  

  The third column indicates the states covered in the analysis.  

  The fourth column indicates the level of oxygenate used.  

  The CO reductions reported should be considered an upper limit to the oxyfuel contribution, because other

CO reduction programs may also contribute to the reduction as described in the text.

The MOBILE 5a Model predicted reductions in CO emissions range from about 16% in

California areas where fuel oxygenate concentration increases by about 1.7 wt % oxygen

during the winter oxyfuel season to about 30% in Colorado where a 3.1 to 3.3 wt % oxygen

fuel is used.  These emission predictions can be adjusted by a factor of 0.8 to account for

an estimated 80% (to 95%) of the urban CO coming from gasoline-fueled vehicles.  Thus

one expects reductions in ambient CO due to oxyfuels of from 13% to 24%.  A reduction

of 7 to 8% is representative of the effects reported in Table 1.13 and this falls below the

predicted reductions by a factor of two to three.  It should be noted that the observed

reductions in ambient CO are consistent with the predicted oxyfuel effects from the

Complex Model.  The data in Table 1.9 lead to estimated reductions in ambient CO of

about 4 to 8%, which are consistent with the observations summarized in Table 1.13.

The areas with winter oxygenated fuel programs generally have implemented other

programs to reduce the winter CO levels.  These include Inspection/Maintenance programs,

which EPA believes is very effective at reducing CO emissions as indicated by the

MOBILE 5a Model prediction of about -27% in Table 1.8.  Other programs attempt to

reduce urban vehicle traffic by encouraging mass transit, car pool, and van pool

commuting.  In Colorado wood burning fires are prohibited during periods of high CO and
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wood burning fireplaces are forbidden in new construction and remodel projects.  These

types of programs have the potential of augmenting reductions in CO concentrations in

oxyfuel program areas.  Therefore the observed reductions in ambient CO reported in Table

1.13 should be viewed as upper limits to the oxyfuel effect as they may overestimate the

oxyfuel benefit by neglecting contributions from other CO reduction programs.

Some of the important conclusions regarding ambient air quality studies can be summarized

as follows:

C Measurements of urban  CO concentrations have been examined by a number of

researchers to assess the effects of the winter oxyfuel program.  The reported reductions

in CO that are attributed to oxyfuels range from undetectably small up to about 10%.

Variations in CO concentrations due to meteorology make it difficult to accurately

measure small changes.  The observed CO reduction is about one half to one third of

the effect predicted by the EPA MOBILE 5a Model but is consistent with the effect

predicted by the EPA Complex Model.  The measured reduction represents an upper

limit to the CO effect of oxyfuels because other CO reduction programs may contribute

to the observed decrease.

C The effects of oxyfuels on ambient air pollutants other than CO are uncertain.  Very

little has been done to study ambient air pollutants such as toxics and particles.  Most

information on oxyfuel effects on other pollutants are derived from vehicle emission

studies and models.

C A very small fraction of the ambient CO measurement data available has been analyzed

for oxyfuel effects.  The benefits of oxyfuels on ambient air quality have not been

proven in cold climate areas. 

C The fate of the oxygenate vapors in the atmosphere is assessed.  During the winter the

level of atmospheric chemistry (photochemistry) that normally oxidizes pollutants is

very low in most areas.  Some of the oxygenate is expected to be scrubbed from the

atmosphere by precipitation.  The fate for most of the vapors appears to be dispersion

and dilution from the urban atmosphere into the free troposphere where it is slowly, on

a time scale of weeks and months, photooxidized.

SUMMARY AND CONCLUSIONS 

This chapter evaluates vehicle emission data, vehicle emission models, and ambient air

quality studies to assess the effects of the winter oxyfuel program on air quality.  The focus

is upon carbon monoxide, a poisonous gas emitted in gasoline fueled vehicle exhaust.

Vehicle emission studies at about 50 EF and higher temperatures find that adding an

oxygenate to the fuel reduces CO emissions.  For most vehicles the CO reductions fall in

the range of about 3 to 6% per wt % oxygen.  The standard emission test used to derive

these emission effects is conducted at 75 EF.  Emission data for winter temperatures below

about 50 EF are very limited and inadequate for a reliable prediction of oxyfuel effects.

The available data indicate a decreased effectiveness of the fuel oxygenate at low

temperatures.  Some vehicles at low temperatures have been found to respond to fuel

oxygenate with increased CO emissions.  
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Emission studies show that the pollutant emissions from vehicles have been steadily

declining for over two decades.  EPA mandated reductions in vehicle emissions and

improved emission control technology largely account for the decline.  The CO emissions

from new 1996 model year vehicles, for example, are about twenty five times less than

from new 1970 vintage vehicles.  The current generation of vehicles employs oxygen

sensors in the exhaust and computer controlled fuel injection to regulate the engine air/fuel

ratio.  This coupled with high efficiency catalysts greatly reduces the pollutant emissions.

The oxygen sensor in the exhaust stream of vehicles decreases the effectiveness of adding

fuel oxygenate to reduce CO emissions.  Therefore recent generations of vehicles have both

lower CO emission levels and lower oxyfuel effectiveness than most older vehicles.

The EPA MOBILE 5a Model is used by states to predict the effects of oxygenate on vehicle

emissions and gives predicted reductions of about 9.4% per wt % oxygen.  This

corresponds to a predicted 25% reduction in CO emissions in areas using a 2.7 wt %

oxygen fuel.  The model appears to overestimate the effect of oxyfuels on CO emissions

by a factor of two or so, in part because it employs very large CO reduction parameters,

about 10-11% per wt % oxygen for high emitting vehicles, and an on-road fleet distribution

with a large population of high emitting vehicles.  The MOBILE Model has no correction

for oxyfuel effects at temperatures below 75 EF.  The EPA Complex Model was developed

to characterize emissions from 1990 model year vehicles, but EPA believes it has some

value predicting fuel effects for the present on-road fleet.  The Complex Model is also

based on 75 EF emission studies.  It predicts an oxyfuel reduction in CO that is about one

third of the value predicted by the MOBILE 5a Model.

It has not been proven that either the MOBILE 5a Model or the Complex Model is capable

of accurately predicting the emissions of the on-road fleet.  The standard emission test

protocol, the Federal Test Procedure, is unlikely to accurately represent the broad range of

conditions that affect vehicle emissions in urban driving.  Also the emission levels of the

on-road fleet are not known accurately.  It is concluded that the most reliable assessment

of on-road vehicle emissions is made by examining ambient air quality data.

Relatively few attempts have been made to test the effect of the winter oxyfuel program on

urban air quality.  The studies that have been conducted, find that the observable reduction

in CO that can be attributed to winter oxyfuels ranges from an effect that could not be

quantified to a reduction of about 10%.  The observed reduction is considered an upper

limit because other air quality improvement programs, such as Inspection/Maintenance

programs, are conducted parallel to the oxyfuel programs and are likely to contribute some

CO reduction.  The larger CO reductions are found in warmer climates, California and the

southwestern states.  Attempts to measure the effectiveness of the program are confounded

by meteorology which can cause large year-to-year variations in urban CO concentrations

of up to about 20% (Heil, 1993 and Dolislager, 1996).  Cold weather and inversions tend

to increase ambient CO levels, whereas windy weather and precipitation tend to decrease

ambient CO levels.  In addition there has been a steady decline in urban CO concentrations

for over two decades.  This trend is attributed largely to the effects of EPA mandated

reductions in vehicle emissions and the resultant developments in vehicle emission control

technology.

The studies of ambient CO concentrations with the best accuracy and controls report the

oxyfuel effect is in the range of 5 to 10%.  If a value of 7 or 8% is taken as representative

of the observed reduction in urban CO attributable to winter oxyfuels, this is a factor of two
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to three times smaller than the value predicted by the EPA MOBILE 5a Model but is

comparable to the prediction of the EPA Complex Model.

The effects of oxyfuels on some other vehicle pollutant emissions have been studied.  The

emissions of most volatile organic compounds are reduced by fuel oxygenate, notably the

toxic compounds 1,3-butadiene and benzene.  On the other hand, the emissions of a toxic

aldehyde, either formaldehyde or acetaldehyde depending upon the specific oxygenate

used, are increased by fuel oxygenate.  The emission studies reviewed here indicate that

nitrogen oxide emissions increase with oxygenate addition, particularly at levels of

oxygenate above about 2 wt % oxygen.  Although this observation conforms to the

combustion engineering expectation of enleanment, the emission data analysis performed

to develop the Complex Model indicates a negligible effect of oxygenate on NO  emissions.
x

Two of the major findings of this assessment are that emission data are inadequate to assess

the effects of fuel oxygenate at low temperatures, i.e., winter conditions, and that the

available analyses of air quality data do not support the large CO reduction predicted by the

EPA MOBILE Model.  The same issues were identified three years ago at a conference on

MTBE and other oxygenates (USEPA, 1995c) sponsored by the Environmental Protection

Agency, the American Petroleum Institute and the Oxygenated Fuels Association.

To answer the question of whether the winter oxyfuel program reduces CO in cold weather

areas, a carefully designed and conducted analysis of the ambient air quality data is

required.  Studies that do not account for the effects of the year-to-year trends and

meteorology are of limited value.  An analysis of data for months within the oxyfuel season

and for some months out of the oxyfuel season is required to establish trends before and

during the oxyfuel years.  As a control for the effects of meteorology, a similar analysis

should be made of CO data for adjacent urban areas without an oxyfuel program.  Another

valuable test of the oxyfuel program could be made on the data from areas that have

discontinued the program.  In these areas the oxyfuel off-on-off seasons provide a unique

data set for examining the ambient air quality effects of oxyfuels.  There is a very large

volume of data from urban CO monitors that has never been critically analyzed to test for

a benefit.

If it is assumed that the winter oxyfuel program reduces urban CO by about 10%, which

is a reasonable upper limit from the available studies, the magnitude of the reduction in

urban CO concentration can be estimated.  EPA data for the areas with winter oxyfuel

programs indicate an average CO concentration of about 1.4 ppmv during the last quarter

of 1994 and the first quarter of 1995 (J.R. Cook, personal communication).  The average

CO reduction would be about 0.14 ppmv or less.  For comparison the air quality monitors

that report urban CO concentrations measure concentration with an accuracy of ±20%, or

±0.28 ppmv at the 1.4 ppmv level.  The global (clean air) background CO concentration is

about 0.1 ppmv.  

The reported reduction in the ambient CO from the winter oxyfuel program could provide

some basis for evaluating the program.  Because the winter oxyfuel program is intended

to reduce the number of exceedances of the CO air quality standard, it  would be useful to

have a measure of the number of exceedances that have been avoided by the program.  And

finally the most important issue concerns human health effects.  The approximate 10%
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reduction in ambient CO found in this assessment could be useful input for evaluating the

health benefits of the program.

At the end of each of the previous sections there is a brief summary of the conclusions of

that section.  The major findings of this assessment are as follows.

Vehicle Emission Effects
C CO exhaust emissions from vehicles operating at temperatures of 50EF and higher are

reduced by oxyfuels by about 2 to 10% per wt % oxygen in Federal Test Procedure

studies.  For most vehicles the reductions are about 3 to 6% per wt % oxygen which

corresponds to about 8 to 16% CO reduction for a 2.7 wt % oxygen fuel.  The CO

emission reduction is generally smaller in vehicles with newer technology: fuel

injected, adaptive learning, closed loop, three-way catalysts; and larger in vehicles with

older technology: carbureted and oxidation catalysts.  Malfunctioning, high CO

emitting vehicles operating fuel rich also experience larger CO reduction benefits from

oxyfuels.

C The low temperature vehicle emission database is inadequate.  Oxyfuel effects on

vehicle CO emissions are uncertain at temperatures below 50EF.  Low temperature

studies show some benefits down to 20 EF in some vehicles, but generally the results

are not conclusive.  Some studies report an increase in CO emission with oxyfuels at

low temperatures.  It has not been demonstrated that oxyfuels will significantly

improve air quality at low temperatures.

C Hydrocarbon exhaust emissions from vehicles are reduced by 1 to 7% per wt % oxygen

by oxyfuels.  Generally the benefits are lower in new technology vehicles and larger

in older and higher emitting vehicles.

C Nitrogen oxide exhaust emissions are not changed significantly by low concentrations

of oxygenates but studies reviewed in this assessment show an increase in NO
x

emissions with oxygenate concentrations higher than about 2 wt % oxygen.  

C Fuel oxygenates decrease vehicle emissions of the toxics, benzene and 1,3-butadiene.

C Fuel oxygenates increase emissions of toxic aldehydes.  Ethanol and ETBE increase

acetaldehyde emissions by large amounts.  MTBE increases formaldehyde emissions.

C Some but not all remote sensing and tunnel studies find a large reduction in CO

emissions attributable to oxyfuel use in on-road vehicles.  The reported CO benefits are

about 10% per wt % oxygen.  Since the sampled vehicles are operating in a hot stable

mode, this benefit is likely to be larger than the FTP benefit.

C Fuel vapor pressure and sulfur content have been shown to strongly influence CO

emissions, but these variables are not employed as a part of the CO emission control

strategy in most areas.

Model Predictions
C The EPA MOBILE 5a Model is used by EPA and the states to predict the effects of the

winter oxyfuel programs on urban fleet emissions.  It appears to overestimate the

benefits of oxyfuels on fleetwide CO emissions by about a factor of two.  The model
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predicted benefit for high emitters is very large and the fleet distribution has a large

population of high emitters. The model predicted CO reduction is much larger when

compared to ambient air data.

C The EPA Complex Model is used to assess the effects of fuel composition and vehicle

technology on vehicle pollutant emissions.  EPA believes it can be used to predict fuel

effects on the emissions of the on-road fleet.  The Complex Model estimates a

fleetwide reduction in CO emissions from oxyfuel that is about one third of the value

predicted by the MOBILE 5a Model.  The Complex Model is focused on 1990 model

year technology representing vehicles with lower CO emission levels and smaller

oxyfuel CO reductions than the MOBILE 5a Model.

C The EPA Complex Model estimates a negligible effect of fuel oxygenate on fleetwide

NO  emissions at oxygenate levels up to 3.5 wt % oxygen.  This estimate does not
x

agree with the conclusion drawn from the emission studies reviewed in this assessment

but is based upon an analysis of a larger data set.

C No existing EPA model is capable of accurately predicting oxyfuel effects at

temperatures below about 50 EF.  The emission data available for assessing the effects

of low temperature on oxyfuel performance is inadequate and has not been

incorporated into the MOBILE 5a or Complex Models.

C Much of the data upon which the EPA MOBILE 5a Model is based have not been

published in the peer reviewed literature.

Air Quality Effects of Oxyfuels
C Carbon monoxide concentration data for some urban areas have been examined by

several researchers to assess the effects of the winter oxyfuel program on ambient air

quality.  The reported changes in CO that are attributed to oxyfuels range from an

effect that could not be quantified up to about a 10% reduction.  Variations in CO

concentrations due to meteorology make it difficult to accurately measure small

changes of the order of 10%.  The observed reductions in CO are upper limits and

correspond to about one half to one third of the effect predicted by the EPA MOBILE

5a Model but are consistent with the effect predicted by the EPA Complex Model.  The

measured reduction may represent an upper limit to the CO effect of oxyfuels because

other CO reduction programs in winter oxyfuel areas may contribute to the observed

decrease.

C Urban concentrations of CO have been declining for about two decades with a rate of

about 2.8% per year for the last 10 years.  This decrease is attributed largely to

stringent EPA mandated vehicle emission standards and to improved vehicle emission

control technology, although other air quality programs such as

Inspection/Maintenance may also contribute.  

C The effects of oxyfuels on ambient air concentrations of pollutants other than CO are

uncertain.  Very little has been done to assess oxyfuel effects on ambient air

concentrations of pollutants such as toxics and particles.  Most information on oxyfuel

effects on other pollutants is derived from vehicle emission studies and models which

may not be directly applicable to the ambient air effects of the on-road fleet.  
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C A very small fraction of  the ambient CO measurement data available has been

critically analyzed for oxyfuel effects.  The benefits of oxyfuels on ambient air quality

have not been proven in cold climate areas. 

C The fate of the oxygenate vapors in the atmosphere is assessed here.  During the winter

the level of atmospheric chemistry (photochemistry) that normally oxidizes pollutants

is very low in most areas.  Some of the oxygenate is expected to be scrubbed from the

atmosphere by precipitation.  The fate for most of the vapors appears to be dispersion

and dilution from the urban atmosphere into the free troposphere where it is slowly, on

a time scale of weeks and months, photooxidized.
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squared).  Most sampling sites had a predominant land use including highway, residential,
commercial and industrial.  Laboratory procedures (Raese et al., 1995) and preliminary
study findings (Delzer et al., 1996) are reported elsewhere.

Compilations for All 16 Cities.  Summary statistics were calculated on the occurrence and
concentration of MTBE for each of the 16 cities where monitoring was completed
(Appendix 2).  The timeframe in which samples were collected in each city is also
presented in Appendix 2.  Tallies are provided for the entire calendar year and for the
periods Oct. 1 to Mar. 31 and Apr. 1 to Sept. 30, to correspond with the expected seasonal
use and non-use of MTBE in carbon monoxide non-attainment areas, respectively.

A total of 592 storm-water samples were collected and analyzed for MTBE and other
VOCs (see Table 2.7), and about half were collected during each period.  MTBE was
detected in 6.9 percent of the 592 samples, or 41 detections.  One or more detections were
found for Birmingham, AL; Phoenix, AZ;  Denver, CO; Colorado Springs, CO; Atlanta,
GA; Dallas-Fort Worth, TX; San Antonio, TX; and Baton Rouge, LA.  Eighty-three
percent of the 41 detections occurred during the Oct. 1 to Mar. 31 period when MTBE
would be used in greater volumes in carbon monoxide non-attainment areas, if it were the
oxygenate of choice.

Table 2.7:   Occurrence of MTBE in storm water for all 16 cities where monitoring was
completed.

[MTBE, methyl tert-butyl ether]

Time period Number of Number of Percent detections 
samples detections occurrence in the indicated time

Percent of total

period

Apr. 1 - Sept. 305 7  2.3 17

30

Oct. 1 - Mar. 31 287 34 11.8 83

Entire year 592 41  6.9 --

The partitioning of MTBE from atmospheric gases to precipitation is very dependent upon

air temperature and air concentrations of MTBE (Squillace et al., 1995b, 1996).  The

higher percent detection of MTBE in storm water during the winter season is attributable,

in part, to the more favorable partitioning from air to precipitation, because of lower winter

temperatures.  Shorter atmospheric half-lives, lower atmospheric levels, reduced MTBE

volumes in gasoline, and increased volatility from water during the summer season may

also contribute to the observed difference in MTBE�s occurrence in storm water between

the two periods.

Concentrations of MTBE in storm water for all samples analyzed ranged from below
the reporting level to 8.7 µg/L, with a median below the reporting level (Table 2.8). 
For just  those samples in which MTBE was detected, the concentration ranged from
0.2 to 8.7  µg/L, with a median of 1.5 µg/L.  As shown in Table 2.8, the median 
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concentrations of  MTBE detections were 1.8 µg/L during Apr. 1 to Sept. 30, and 1.5  µg/L

during Oct. 1 to Mar. 31.  The range of concentrations found was less during the Apr. 1 to

Sept. 30 period when MTBE�s use in reformulated gasoline and oxygenated gasoline is not

expected to occur, except in severe ozone non-attainment areas.  None of the cities where

sampling was completed are so classified.

Table 2.8:   Concentration of MTBE in storm water for all 16 cities
where monitoring was completed.

[MTBE, methyl tert-butyl ether.  Fg/L, micrograms per liter]

Time period

For all samples analyzed

Number
of

samples

Concentration ( Fg/L)

Minimum1 Median Maximum1

Apr. 1 - Sept. 30 305 <0.2 <1 3.4

Oct. 1 - Mar. 31 287 <0.2 <1 8.7

Entire year 592 <0.2 <1 8.7

 

Time period

For samples with detection of MTBE

Number
of

samples

Concentration ( Fg/L)

Minimum Median Maximum

Apr. 1 - Sept. 30   7 0.4 1.8 3.4

Oct. 1 - Mar. 31 34 0.2 1.5 8.7

Entire year 41 0.2 1.5 8.7

Eighty-three percent of the storm-water samples were analyzed with a reporting    1

level of 1.0 Fg/L, 11 percent were analyzed at  reporting   level of 0.2 Fg/L, and 6
percent of samples were diluted prior to analysis with varied reporting levels.

The median and mean concentrations of MTBE for all samples were shown to be

statistically different during the Oct. 1 to Mar. 31 period, in comparison to the Apr. 1 to

Sept. 30 period.  The Wilcoxon rank sum test (one-sided p-value = 0.0000) and a modified

t-test based on Tukey�s bi-weight estimator (one-sided p-value = 0.0002) were used to

establish the aforenoted statistical inferences.  These tests are described elsewhere (Helsel

and Hirsch, 1992).

The use of MTBE in oxygenated gasoline was confirmed by State air-pollution officials

in Phoenix, AZ; Colorado Springs, CO; and Denver, CO; during the period when USGS�s

storm-water monitoring was completed.  State officials also confirmed that MTBE was not

being used in oxygenated fuel programs during the USGS sampling period for the other

13 cities listed in Appendix 2.  MTBE may have been used in some of these latter cities as

an octane enhancer, although this could not be confirmed.  The detection of MTBE in

Birmingham, AL; Baton Rouge, LA; Atlanta, GA; Dallas-Fort Worth, TX; and San

# MIF code [0200] repeat [00] <TblTag `WRDgeneric-1'> 
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Antonio, TX; may be attributable to the use of MTBE as an octane enhancer in these cities.

In total, 25 of the 41 MTBE detections, or 61 percent, occurred in cities that were not using

oxygenated gasoline or reformulated gasoline.

Fuel oxygenates found in municipal storm water can originate from various point and

non-point sources.  Gasoline spills on land surfaces can enter storm water, and this source

can potentially increase the levels of fuel oxygenates in storm water.  Spills are transient

events, however, and they would not be comprehensively characterized by the

grab-sampling design used in the storm-water studies described above.  This may explain,

in part, why low levels of MTBE were found in these studies.

Compilations for Select Cities where MTBE was Used Seasonally in Oxygenated Gasoline.
As noted previously, the use of MTBE in oxygenated gasoline was confirmed by State
air-pollution officials in Phoenix, AZ, Colorado Springs, and Denver, CO, during the period
when USGS�s storm-water monitoring was completed.  The occurrence and concentration
of MTBE in storm-water samples for these three cities are summarized in Table 2.9.  For
each of the three cities, detections in storm-water samples occurred only during the period
when oxygenated gasoline was in use.  Again, the more favorable partitioning of MTBE to
precipitation during colder temperatures, longer atmospheric half-lives in the winter,
increased volume of MTBE in gasoline during the oxygenated gasoline season, and
decreased volatility from storm water at winter temperatures may explain, in part, the strong
seasonal detection pattern.  MTBE was detected in 16 of 40 samples, or 40 percent of
samples that were collected during the period when MTBE was used in oxygenated
gasoline.  The concentration of MTBE detections ranged from 1.0 to 4.2 µg/L, with a
median concentration of 1.5 µg/L (Appendix 2).

MTBE in Ground Water and in Drinking Water Derived from Ground Water

The characteristics of the programs surveyed and used for this assessment, as well as the
sources of the MTBE concentration data, are summarized in Appendices 3 and 4, by State,
for ground water and for drinking water, respectively.  The programs in Appendix 3 were
compiled from (1) results of sampling by the NAWQA Program and (2) retrospective data
compiled by the NAWQA Program for occurrence assessment.  The information in
Appendix 4 was compiled from responses to a request by USEPA�s headquarters through
the 10 EPA Regions to the States for information on drinking-water programs that have
analyzed for MTBE.  Samples collected in the NAWQA Program are from individual wells
at or near the well head, regardless of the type of well.  All drinking-water supplies that are
listed in Appendix 4 have ground water as their source water, except for two Wisconsin
drinking-water systems and at least one Rhode Island system, which used surface water as
the source water.

Ground water and drinking water derived from ground water have been analyzed for MTBE
in a number of States.  MTBE has been analyzed in 1,516 wells in 33 States as part of 90
ground-water-resource assessment programs or studies (Table 2.10, Appendix 3).  At least
one detection of MTBE has occurred in 14 of the 33 States and in 25 of 90 assessment

programs.  From the data gathered by the USEPA request, seven States indicated that 
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MTBE had been sampled in public drinking-water systems and provided results of that
sampling (Table 2.10, Appendix 4).  Two of the seven States cited above also provided
results on private drinking-water wells.  In addition, two other States provided results of
private well sampling.  Six of the seven States reported at least one detection of MTBE in
public water systems (Table 2.10).  Also, all four States that provided MTBE results for
private wells had at least one detection.

Ground Water.  MTBE has been detected in ground water as a result of sampling of
observation, monitoring, and water-supply wells (at the well head) by the NAWQA
Program and other ground-water assessment programs (Appendix 3).  Most of these
ground-water-resource assessment programs were conducted by the NAWQA Program.
The design of studies by NAWQA involves a well-selection strategy that results in a
spatially distributed random sampling of a targeted ground-water resource.  This  approach,
therefore, avoids skewing the characterization of water quality toward, for example,
contamination plumes (Gilliom et al., 1995; Lapham et al., 1995; Scott, 1990; Squillace et
al., 1995b, 1996).

Detections for All Programs Sampled.  Detections of MTBE in ground water occurred in
Colorado, Connecticut, Georgia, Massachusetts, New Jersey, New Mexico, Nevada, New
York, Pennsylvania, Texas, Virginia, Vermont, Washington, and Wisconsin.  Overall, about
5 percent (76 detections out of 1,516 samples) of the wells sampled in all networks had a
detection of MTBE (Table 2.10).  Most of the detections (27 percent of the shallow urban
wells sampled�55 detections out of 204 samples) occur in shallow ground water in urban
areas (described as NAWQA land-use studies in urban areas) and nearly half of these
detections occurred in one urban area, Denver, CO.  Only about 1.5 percent of samples from
wells screened in shallow ground water in agricultural areas had detections of MTBE (7
detections out of 524 samples).  One detection of MTBE occurred from seven samples of
shallow ground water beneath an undeveloped land-use setting in Vermont.  About 1.7
percent of the wells screened in deeper aquifers or deeper parts of shallow aquifers (13
detections out of 781 samples) had MTBE.  The largest concentration of MTBE from
deeper ground water was 7.9 µg/L from a well in New York State.  These conclusions
regarding frequency of detections are essentially the same as those reported by Squillace
et al. (1995b, 1996).

The reason(s) for the frequent detection (23 of 29 wells) of MTBE in Denver�s shallow
ground water is not known.  However, contributing factors likely include:  (1) extended
period of oxygenate use, (2) shallow depth from land surface to ground water, and (3) high
vertical hydraulic conductivity.  The alluvial aquifer sampled in Denver, and the overlying
unsaturated zone, consist of very conductive sand and gravel, and the median depth to
ground water is only 4.3 meters (Squillace et al., 1996).  Further, MTBE has been used in
Denver�s oxygenated gasoline program since 1989 (and potentially longer to enhance the
octane of conventional gasoline).  Aquifers with similarly shallow depth to water and high
vertical conductivity exist elsewhere in the Nation, and with extended use of MTBE or
other alkyl ether oxygenates, these aquifers may also demonstrate a high frequency of
occurrence pattern similar to MTBE in Denver�s alluvial aquifer.  As explained elsewhere,
the high frequency of detection of MTBE in Denver�s shallow ground water can not be
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explained by the  inclusion of six existing wells that were installed upgradient of

point-source releases to define the quality of ambient ground water (Squillace et al., 1996).

The samples from the deeper ground water that had detections of MTBE indicate that

MTBE can reach deeper ground water.  The occurrence of MTBE in these deeper wells

does not in itself explain the mechanism for migration.  Possible reasons for the detections

of MTBE in deeper ground water include, for example, short, natural ground-water flow

paths between recharge areas and deeper ground water, faulty well construction resulting

in vertical movement of recently recharged ground water along the well bore to deeper

ground water, use of dry wells to rapidly recharge storm-water runoff, or nearby pumping

that induces recently recharged ground water to deeper ground water (see the section on

�Environmental Behavior and Fate of Fuel Oxygenates� for discussion of the

environmental behavior and fate of MTBE in ground water).

Detections for Only Those Programs Where MTBE was Found.  Results of monitoring
ground water for MTBE for those 25 programs that had at least one detection of MTBE are
given in Appendix 5 and the number of detections and percent occurrence are summarized
in Table 2.11.  Concentrations of MTBE in all samples with concentrations 
at or above the reporting level used for the summaries in Table 2.11 are given in Appendix
6.  In those programs in which there was at least one detection of MTBE (Table 2.11),
detection of MTBE  occurred in 14 percent (76 of 540) of the wells and only seven wells
had concentrations of MTBE that exceeded 10 µg/L. Concentrations of MTBE were below
the reporting level in 90 percent of the private and 92 percent of the public-supply wells.
None of the samples from private and public-supply wells had concentrations that exceeded
10 µg/L.  Detections of MTBE in concentrations in excess of 20 µg/L, the lower limit of
the draft drinking-water lifetime health advisory range, occurred at only a small percentage
of other types of wells (Table 2.11).

Drinking Water.  USEPA does not have the authority to require monitoring or data
reporting for MTBE, and consequently the data reported by State agencies was voluntary
(Appendix 4).  Also, the data reported only represents a fraction of the drinking-water
programs in which MTBE has been sampled, and the level of detail of the information
reported varies among the States.  The reader must also be made aware that the data in
Appendix 4 and summarized in Table 2.10 for drinking water may be biased.  A number
of the sampling programs were conducted when contamination from a nearby point source
was known or suspected.  For example, in the New Jersey Department of Health data set,
where samples were collected in response to consumer complaints, 19 of 31 samples had
detections.  Three of the eight public water-system sampling programs listed in Appendix
4 are known to have been conducted in response to known or suspected contamination.
Also, all private well-sampling programs in Appendix 4 are known to have been conducted
in response to consumer complaints.

Because of the small size of the data set for drinking water available for this assessment
(only a few programs in a total of nine States), the interpretation of MTBE occurrence is
limited only to presence and absence in those States reporting data.  It is not possible to
describe MTBE occurrence nationwide in drinking water.  These data do verify, however,
previously published reports that MTBE has been detected in drinking water (Davidson, 
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1995a, 1995b; New York State Department of Health and U.S. Department of
Health and Human Services, 1995; Post, 1994; Squillace et al., 1995a, 1995b,
1996; USEPA, 1986, 1987a, 1987b).

Results of monitoring drinking water for MTBE for those programs in Appendix
4 that had at least one detection of MTBE are given in Table 2.12, separated into
public supplies and private supplies.  The MTBE concentration measured in the
most recent sampling event was used for the compilations in this table for those
public systems or private wells that have been sampled multiple times.  The
approach of comparing the number of detections to total number of samples was
not used as it would have inappropriately combined samples from single sampling
events with those of multiple sampling events.

Table 2.12 does not summarize the data provided by Rhode Island for public water
systems or private wells and by Texas for private wells.  This is because of the lack
of information necessary to determine if the data represent multiple samples from
a system or well, or single samples from a number of systems or wells.

MTBE was detected in 51 public drinking-water systems in Colorado, Iowa,
Illinois, New Jersey, and Texas (Table 2.12).  Nearly all of the systems, 47 of 51
(92 percent), with detections of MTBE were at concentrations less than 20 µg/L,
the lower limit of the USEPA draft health advisory.  Concentrations as high as 63
µg/L in Iowa and 770 µg/L in Illinois have been detected, however (Appendix 7).
MTBE was detected in private wells in Indiana, Missouri (Table 2.12), Rhode
Island, and Texas.  MTBE in five of the six private wells reported from Indiana and
Missouri exceeded 200 µg/L, and the concentration of MTBE in the 6th well was
within the range of 20 to 200 µg/L.  MTBE concentrations in the two private wells

in Indiana were 5,400 and 40 µg/L.  MTBE concentrations in the four private wells
in Missouri, using the latest sampling date, were 1,900, 1,100, 780, and 1,500 µg/L
(Appendix 7).  It is known from the data provided in Appendix 7 that public
drinking-water systems in Rhode Island and private wells in Rhode Island and
Texas have had detections of MTBE. However, because the number of unique
systems or wells sampled from these two States was not identified, these data could
not be included in the analysis in Table 2.12.

Because only a few States have information on MTBE in drinking water, it is not
possible in this preliminary assessment to describe MTBE concentrations in
drinking water nationwide.  A Federal drinking-water standard has not been
established for MTBE, however, the USEPA has issued a draft lifetime health
advisory of 20 to 200 µg/L.  The health advisory is expected to be revised in 1997.
MTBE has been detected in 51 public drinking-water systems to date based on
limited monitoring, however, when detected, the concentration of MTBE was
generally low and nearly always below the lower limit of the current draft USEPA
health advisory.  This indicates that the consumption of drinking water was not a
major route of exposure for these few systems.  Additional MTBE monitoring data
for drinking water are needed, from both the States that provided information for
this preliminary assessment and from States that were unable to provide said
information, before the significance of drinking water as a route of exposure can
be assessed for the Nation.
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Occurrence and Variability of MTBE In Ground Water Over Time.  An important issue
relative to MTBE and other fuel oxygenates that remains unanswered is whether or not the
frequency of detection and concentrations of these compounds in ground water will
increase, remain constant, or decrease with time.  This section focuses on existing
monitoring data that provide an indication of temporal changes that may occur in wells in
which MTBE has been detected.  While the environmental behavior and fate of oxygenates
in the subsurface is addressed later in this chapter, it is important to note that  relative to the
BTEX compounds, MTBE and other alkyl ether oxygenates are significantly less
degradable.

Despite the extensive literature on UST releases and their impacts on ground water, case
studies of the impacts on ground water over time of gasoline containing oxygenates are
quite limited.  When the source of MTBE in ground water is from a gasoline release, it is
expected that the mass of residual gasoline at the water table or in the soil will remain  a
continuous source for years or possibly decades, depending on the size of the release and
remedial efforts to remove the source.  A recent study in North Carolina (Daniel, 1995)
provides monitoring data for shallow ground water for 11 sampling events over a 26-month
period (1/93 - 4/95) at a site where a small gasoline UST had been removed in 1990.
Approximately 70 cubic meters of contaminated soil were also removed at that time, but
some residual contamination remained present in the area of the water table.  Multiple
observation wells show consistent concentrations of MTBE over the entire sampling
interval.  For example, a well close to the area directly affected by the UST had
concentrations that varied between 1,200 to 6,800 µg/L (well #3), and a well further
downgradient (#17) had concentrations from 66 to 320 µg/L during that same period.   Both
wells also had measurable concentrations of BTEX from the release.  No drinking-water
wells were impacted at this site.

Figure 2.4 provides a detailed example of UST impacts on private water-supply wells, in
this case MTBE concentrations in three private wells in Missouri, close to a UST that had
released gasoline to a fractured bedrock aquifer.  Although the tank had been removed
before the sampling period shown, residual gasoline remained at or below the water table.
Consistent detections of MTBE occurred in the three wells throughout the approximately
3-year periods of sampling, although concentrations and temporal variability differ among
the three wells, especially well 3 (Figure 2.4).  The range of MTBE concentrations reported
was 700 to 14,000 µg/L, 510 to 17,000 µg/L, and 13 to 2,600 µg/L for wells 1, 2, and 3,
respectively.  These examples show that MTBE can remain at detectable levels near the
source for years, although concentrations might vary by as much as several orders of
magnitude during that time.  The State of Connecticut has collected monitoring data over
several years for its public water supplies and private wells.  They have indicated that they
are aware of multiple instances where MTBE continues to be detected, but that the data are
not readily accessible, and were not included in this assessment.

Data characterizing MTBE and DIPE contamination of a New Jersey municipal water
supply are presented in McKinnon and Dyksen (1984).  The MTBE data reported in this
reference are the earliest documentation of detections of MTBE in ground water found by
the panel.  McKinnon and Dyksen report that more than 25 water samples were collected
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from one well over a 29-month period from November 1980 to April 1983.  DIPE
concentrations in October 1980 ranged from 70 to 100 µg/L but decreased to below the
detection limit by January 1983.  MTBE concentrations ranged from 25 to 40 µg/L in
October 1980 and declined to less than 10 µg/L by January 1983.

Limited temporal data on MTBE also were obtained for public-supply wells in Iowa,
Illinois, and New Jersey.  For these systems, MTBE concentration data are available for 
a sampling period of less than one year (Appendix 7).  It is expected that regular monitoring
of MTBE concentrations will continue at these facilities, and will provide further
characterization of temporal changes.

A short-term data set that demonstrates continued areally extensive occurrence of MTBE
in ground water, and its variability over time, is from an areally distributed network of 14
shallow urban wells sampled twice as part of the NAWQA Program in Denver, CO. These
fourteen wells were sampled in July 1993 and in August 1995 (Table 2.13).

In the July 1993 sampling, 13 of the 14 shallow urban wells had detections of MTBE,
ranging in concentration from 0.2 to 23,000 µg/L.  In one well, MTBE was not detected
above the reporting level of 0.2 µg/L.  In the August 1995 sampling, MTBE was not
detected above the same reporting level in three wells.  Concentrations of MTBE ranged
from 0.2 to 4,940 µg/L for the other 11 wells.  MTBE was re-detected in August 1995 in
11 of the 13 wells in which it was detected in July 1993.  Thus, the frequency of detection
of MTBE did not change markedly.  Also, for the 11 wells in which MTBE was detected
during both sampling events, the concentration of MTBE decreased in six wells, remained
the same in  one well, and increased in four wells.  Therefore, the number of wells in which
concentrations increased over time was about equal to the number of wells in which
concentrations decreased.  Finally, changes in concentrations of at least one order of
magnitude occurred in several wells between sampling events, with concentrations
increasing in some of the wells and decreasing in other wells (Table 2.13).  However, the
median concentration of MTBE in all wells with concentrations above the reporting level
remained essentially the same:  1.4 µg/L in July 1993 and 1.1 µg/L in August 1995.  It is
not known if all of the differences in concentration of MTBE at each well between the two
sampling dates represent actual increases or decreases in concentration of MTBE in ground
water at the screened interval.  Some of the difference could be attributable to other factors;
for example, difficulty in obtaining representative samples.

MTBE in Drinking Water Derived from Surface Water

In addition to the information provided by States on MTBE occurrence in drinking water
derived from ground water, Wisconsin and Rhode Island provided data on drinking water
derived from surface water.  In Wisconsin, sampling was conducted during April 1995 at
two drinking-water systems with surface-water sources.  MTBE was not detected in either
system (Appendix 4).  In Rhode Island, an unknown number of surface-water samples have
been analyzed for MTBE, and one detection of MTBE occurred at a system that used
surface water as a source.  The detection occurred in a sample collected in January 1994,
and the concentration of MTBE was 1 µg/L (Appendix 7).
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Table 2.13:   Concentration of MTBE in wells  sampled in July 1993
and in August 1995 as part of the NAWQA Program in Denver, Colo.

    [MTBE, methyl tert-butyl ether.  Fg/L, micrograms per liter]

Well number

MTBE concentration MTBE concentration

measured in measured in

July 1993, August 1995,

in Fg/L in Fg/L

2     5.1 554

3     0.7 <0.2

4     0.2 3.6

5     3.5 3.7

7     1.4 0.2

15     <0.2 <0.2

16     0.3 0.3

17     1.3 0.7

19     800 70

20     33 <0.2

22     0.5 0.2

24     0.4 1.1

29     3.2 0.4

30     23,000 4,940

Significance of Measured Levels of MTBE for Drinking Water and Aquatic Life

The use of MTBE as an oxygenate and octane enhancer in gasoline has resulted in the
compounds occurrence in the hydrologic cycle.  This has been demonstrated for air, storm
water, and ground water.  Oxygenates with similar physical and chemical properties also
would be highly mobile and potentially could be found in drinking-water supplies and
affect aquatic life.  The ease with which these chemicals move through the hydrologic cycle
is of concern to some officials who are responsible for public and environmental health.
The effect that MTBE and other alkyl ether oxygenates may have is difficult to ascertain
because: (1) uncertainty exists about the carcinogenicity of these chemicals; (2) no data
exist on the chronic effects that oxygenates may have when aquatic organisms are exposed
to small concentrations; (3) few aquatic animals and plants have been tested for acute
toxicity; (4) no data exist on synergistic effects of oxygenates with other chemicals that may
co-occur; and (5) more data are needed on the sources, spatial distribution, pathways, and
trends of concentrations in the environment.  These and other unknowns have lead to
established and proposed regulatory levels for MTBE in drinking water, for example, that
vary from 20 to 230 µg/L (see Figure 2.2).  
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Existing data on the concentration on MTBE, described in the section on �MTBE in Ground
Water and in Drinking Water Derived from Ground Water,� indicate that drinking water
supplied from ground water is a potential route for humans to be exposed to this chemical.
Nearly all concentrations of MTBE measured in drinking-water systems to date were below
20 µg/L, the lower limit of USEPA�s current draft lifetime health advisory, and below taste
and odor thresholds.  This indicates that the consumption of drinking water was not a major
route of exposure for these few systems.  The use of MTBE, however, has increased
dramatically over the past 10 years.  The continued increasing use of this oxygenate could
increase its occurrence and spatial distribution in ground water, and thereby affect the
occurrence and possibly the concentration of MTBE in drinking water derived from ground
water.

As noted in the section, �Drinking Water,� it is not possible to describe MTBE�s occurrence
in drinking water nationwide from available information.  Although nearly all detections
in public water-supply systems to date have been below the USEPA draft health advisory,
the widespread use of MTBE, the past releases of gasoline from USTs and ASTs, and some
instances of impact to drinking water wells, give reason for concern and provide the
rationale for a comprehensive national assessment.  The USEPA has completed similar
assessments previously for other VOCs.  Examples include the National Organics
Reconnaissance Survey, 1975; the National Organics Monitoring Survey, 1976-77; the
Community Water Supply Survey, 1978; the Rural Well Survey, 1978; and the Ground
Water Supply Survey, 1981-82 (Pankow and Cherry, 1996).  Additional MTBE monitoring
data for drinking water are needed, from both the States which provided information for this
preliminary assessment and from States that were unable to provide said information, before
the significance of drinking water as a route of exposure can be assessed for the Nation.

Very little is known about the concentration of MTBE in surface water, except for the
chemical�s occurrence in urban storm water.  As described previously, MTBE was detected
at low concentrations in 40 percent of storm-water samples in the winter in three cities
where MTBE was being used in oxygenated gasoline.  MTBE was detected in storm water
in five additional cities where the oxygenate was presumedly added as an octane enhancer.
This illustrates that MTBE enters surface waters, at least during periods of overland runoff
and storm-water discharge, and could be a pathway for MTBE to enter drinking-water
supplies and ground water.  The persistence of MTBE in surface water depends on the
waters� velocity, depth, and temperature, and a wide range of half-lives may occur (see
Tables 2.16 and 2.17).  For deeper rivers, the predicted half-life of MTBE can be several
days to three months (see the section on �Surface Waters and Storm Runoff�), which
increases  the exposure of MTBE to aquatic organisms and the potential for surface water
with MTBE to infiltrate into aquifers.  Because of the lack of adequate monitoring data and
aquatic toxicity data, the significance of low levels of MTBE on drinking water provided
from surface water and on aquatic life cannot be assessed.
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    Although it is not as important a process for the behavior of the fuel oxygenates in the water environment,3

vaporization from liquid gasoline to air can also affect the formation of vapor plumes in soil gas since vapor
plumes can contaminate infiltrating water.  It is therefore useful to point out that vaporization from gasoline
is governed by relationships that are analogous with those presented here for solubility.  For any compound
of interest, these analogous relationships are obtained by substituting the partial pressure in the soil-gas phase
and the pure compound vapor pressure for the solubility from the gasoline mixture and the pure compound
solubility, respectively.
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ENVIRONMENTAL BEHAVIOR AND FATE OF FUEL OXYGENATES

This section relates the environmental behavior and fate of the fuel oxygenate compounds
to their physical and chemical properties.  It discusses:  (1) the migration and partitioning
characteristics of the fuel oxygenates;  (2) their expected behavior in the ambient hydrologic
cycle; (3) their biotic and abiotic degradation; and (4) their possible remediation at
point-source release sites.  Where appropriate, the properties of the oxygenates are
contrasted with those of the BTEX compounds, because the latter are the most toxic
compounds typically associated with conventional gasoline.  Physical and chemical data
for the compounds considered are presented in Tables 2.14 and 2.15.  Information in these
tables demonstrate that, relative to the BTEX compounds, the oxygenates are more water
soluble and sorbed less strongly.  Therefore, unless they undergo degradation, oxygenates
will be transported with ground-water flow without significant retardation in the subsurface
(Cline et al., 1991; Yeh and Novak, 1995).  Multiple entries are given for some properties
listed in Tables 2.14 and 2.15.  This was done to illustrate the range of reported values, and
to acknowledge that �best values� were not determined by the authors of this chapter.

Partitioning Between Environmental Compartments

The environment is comprised of a number of different compartments including water, soil,
and air.  The ways in which the different fuel oxygenate compounds behave in the
environment is determined by how they distribute themselves among the different possible
compartments.  The behavior of an oxygenate compound in water is affected by its:  (1) 
water solubility from gasoline; (2) partitioning between air and water, as occurs in the
atmosphere during precipitation events and also in soil above the water table ; and (3)3

partitioning between water and soil materials.  Each of these subjects is discussed below.

Solubility in Water from Gasoline.  At a given temperature, the solubility of a pure organic
liquid (e.g., benzene or MTBE) in water is a constant, represented here as (mg/L).  The
solubility of a compound from a mixture (i.e., gasoline) will be reduced from  by the
factor X , which is the fraction of the compound in the mixture on a mole-for-mole basis.

m

An additional coefficient ( is needed when the chemical properties of the compound differ
significantly from the properties of the mixture as a whole.  The result is that the
equilibrium water solubility of the compound from the mixture will be given by: 

(1)    (all compounds)
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For a compound that has a molecular weight that is similar to the mean molecular weight
of gasoline (-100 g/mol), X  is closely approximated as the fraction of the compound on

m

either a weight or volume basis.  For example,  for a gasoline that is 10 percent by weight
MTBE, X  for MTBE will be -0.10.  For the dissolution of low polarity compounds (like

m

the BTEX group) from gasoline, ( will be close to 1 and equation 1 can then be
approximated as:

(2)   (low polarity compounds)

The above equation assumes that dissolution is taking place into a water phase in which
there are not large amounts of alcohols or other possible cosolvents that could increase the
value of .  Since  values tend to decrease as the temperature decreases, predicted 
values will also decrease as the temperature decreases.

Equilibrium solubility data obtained by Barker et al. (1991) indicate that equation 2 is also
valid for the dissolution of the alkyl ether oxygenates from gasoline; for MTBE, their data
indicate that ( = 1.1.  For the alcohol oxygenates like TBA and EtOH, however, ( values
will be significantly larger than one.

MTBE�s high water solubility and its high concentration in an MTBE-oxygenated
gasoline can result in high concentrations in water.  For example, MTBE in a gasoline that
is 10 percent (w/w) MTBE, has a solubility in water of approximately 5,000 mg/L at room
temperature.  By comparison, the total hydrocarbon water solubility for a non-oxygenated
fuel is typically about 120 mg/L (Poulsen et al., 1992).

High concentrations of MTBE in ground water near gasoline-spill sites are consistent with
experimental water-solubility data.  Garrett et al. (1986) and Davidson (1995a) have
observed MTBE concentrations as high as 200 mg/L.  While these values are not as high
(e.g. thousands of mg/L) as might be expected for water equilibrated with gasoline
containing several percent MTBE, it is common for relatively uncontaminated water to
dilute organic compounds to concentrations below what would be calculated with equation
2 (Feenstra et al., 1996).  Also, lower levels in water can result because of depletion of
MTBE in the gasoline by the dissolution process itself.

Cosolvent Effects.  The high concentrations of fuel oxygenates that can occur in ground
water at spill sites have raised the question as to whether or not they could enhance the
subsurface transport velocities of the BTEX group through a �cosolvency effect.�  In fact,
research has shown that cosolvency effects typically arise only when the cosolvent is
present in water at 1 percent (10,000 mg/L) or more by volume (Pinal et al., 1990, 1991).
Such concentrations are much higher than will typically be encountered in water in
equilibrium with gasolines containing alkyl ether oxygenates.  Gasoline that contains 15
percent MTBE by volume, when equilibrated with water, results in no more than 7,500
mg/L (-0.75% by volume) of MTBE in the water (Barker et al., 1991).

These conclusions regarding the potential for cosolvent effects are supported by laboratory
research that employed gasoline to water ratios of 1:10 (v/v).  No cosolvency effect was
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n o t e d  f o r  g a s o l i n e s  c o n t a i n i n g  a n y  o f  t h e  f o l l o w i n g :   1 5  p e r c e n t  M T B E ,  1 0  p e r c e nt EtOH,

10 percent TAME, and 10 percent isopropyl alcohol (Barker et al., 1991; Poulsen et al.,

1992).  In experiments with MeOH, no cosolvency effect was noted until the MeOH

concentrations exceeded 8 percent by volume.  As the aqueous concentration of MeOH

i n c r e a s e d  f r o m  8  t o  5 0  p e r c e n t ,  t h e  a q u e o u s  B T E X  s o l u b i l i t y  c o n t i n u e d  t o  i n c r e a s e  a s  w e l l

(Barker et al., 1991; Horan and Brown, 1995; Poulsen et al., 1992).

A i r / W a t e r  P a r t i t i o n i n g .   A i r / w a t e r  p a r t i t i o n i n g  f o r  a  c o m p o u n d  i s  d e s c r i b e d  b y its Henry's

Law constant H  which gives the ratio of the partial pressure of the compound in the gas

p h a se to the concentration in the water that is at equilibrium with that partial pressure.

Typical units for H  are atm/(mol/m ), or equivalently atm-m /mol.

3 3

W h e n  H  i s  d i v i d e d  b y  t h e  p r o d u c t  o f  t h e  g a s  c o n s t a n t  R  ( 8 . 2  x  1 0  a t m - m / m o l - K )  and the

- 5 3

t e m p e rature T  (degrees K), the resulting H/RT  value is referred to as the dimensionless

Henry's Law constant.  H/RT  gives the ratio of the air to water concentrations at

equilibrium, that is:

(3) 

A  compound with a value of H/RT  of 0.05 or larger will be very volatile from water.  A

c o m p ound with a low value of H/RT  will tend to remain in the water phase, or viewed

f r o m  another perspective, it will tend to partition strongly from the gas phase into the

water phase if contaminated air is brought into contact with clean water.

A t  2 5 E C ,  t h e  H / R T  v a l u e s  f o r  M T B E  a n d  T B A  a r e  0 . 0 2 6  a n d  0 . 0 0 0 4 8 ,  r e s p e c t i v e l y .  O t h e r

a l kyl ether oxygenates exhibit H/RT  values that are similar to that of MTBE.   These

values are the reason why the fuel oxygenates exhibit significant partitioning into water

(e.g., into precipitation falling through the atmosphere, see the section on “ Air and

Precipitation ”).  These values also explain why MTBE and the other alkyl ether

o x ygenates are somewhat difficult to remove from water by aeration, and why TBA is

e x c e e d i n g l y  d ifficult to remove from water by aeration.  In contrast, benzene exhibits an

H / R T  v a l u e  o f  0 . 2 2  a t  2 5 ° C ,  m a k i n g  i t  r a t h e r  v o l atile from water, as compared to the fuel

oxygenates.

W a t e r / S o i l  P a r t i t i o n i n g .   W h e n  a  n o n i o n i c  o r g a n i c  c o m p o u n d  i s  d i s s o l v e d  i n  g r o u n d  w a t e r

a n d  t h at ground water is moving in a porous subsurface medium, a primary factor

d e termining the velocity of the compound relative to the ground-water velocity is the

s o il/water partition coefficient, K .   The value of K  gives the ratio of the concentration

d d

i n /on the soil (in grams sorbed per gram of soil) to the concentration in water (in grams

per mL).

T h e  r a t i o  o f  t h e  w a t e r  v e l o c i t y  t o  t h e  v e l o c i t y  a t  w h i c h  t h e  compound is being transported

i s  f requently referred to as the "retardation factor," R .  A compound that is not retarded

a t  a l l  w i l l  m o v e  w i t h  t h e  s a m e  v e l o c i t y  a s the water, and so it exhibits an R  value of 1.  A

c o m p o u n d  t h a t  m o v e s  a t  one-half the velocity of the ground water exhibits an R  value of

2.  In porous media,  R  values can be calculated using the equation:
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(4)

where D  is the bulk density of the soil or aquifer material, and n is the porosity.
b

For nonionic compounds, K  values are often estimated using the equation:
d

(5)  

where f  is the weight fraction of the soil/aquifer material that is organic carbon, and K
oc oc

is the organic-carbon-based partition coefficient.  While the K  values of the BTEX
oc

compounds are not large enough to cause highly retarded transport (K   -80 and -160 for
oc

benzene and m-xylene, respectively), the K  values for the fuel oxygenates are even lower
oc

(K  -11 and -29 for MTBE and DIPE, respectively).  Thus, under most circumstances,
oc

the fuel oxygenates will move at velocities that are similar to that of the local ground
water (i.e., with R values fairly close to 1).

As an example, for a subsurface porous medium in which  f  = 0.005 (0.5% by weight
oc

organic carbon), the predicted K  values for benzene, m-xylene, MTBE, and DIPE will be
d

0.40, 0.80, 0.055, and 0.15, respectively.  The corresponding R values will be about 2.9,
4.9, 1.3, and 1.7, respectively.  Results exhibiting this pattern of relative mobilities have
been observed in the field.  In an injection study in the Borden aquifer conducted by
Hubbard et al. (1994), benzene, ethylbenzene, and xylene were all slightly retarded (R  =
1.1, 1.5, and 1.5, respectively).   In contrast, MTBE movement was not retarded (R = 1.0).
These results are in reasonable agreement with what would have been predicted based on
the organic carbon content of the Borden aquifer (f  ~ 0.0002), namely R = 1.1, 1.8, and

oc

1.2 for benzene, ethylbenzene, and the xylenes, respectively, and R = 1.01 for MTBE.
Field data from actual spills have also demonstrated that MTBE migrates more  rapidly
than the BTEX compounds (Daniel, 1995; Davidson, 1995a).

Given the greater mobilities of the fuel oxygenates relative to the BTEX compounds, one
can expect that the leading edge of a plume from an MTBE-oxygenated gasoline spill can
contain significant levels of MTBE with very little or no BTEX contamination.  This
effect will be further amplified by the greater biodegradabilities of the BTEX compounds
as compared to the alkyl ether oxygenates (see the section on �Biodegradation in the
Environment�).  In the ambient hydrologic cycle, for typical ground-water depths, the
generally non-retarded movement of the alkyl ether oxygenates through the unsaturated
zone can lead to the arrival at the water table of ambient levels of MTBE in precipitation
within 5 to 10 years (see the section on �Ground Water�).

Behavior in the Ambient Hydrologic Cycle
Air and Precipitation.   Similar to other VOCs in gasoline, the production, transport, and
use of MTBE and other fuel oxygenates inevitably leads to the release of these compounds
to the atmosphere.  For example, releases to the atmosphere will occur due to vehicle
refueling, evaporative emissions, and incomplete combustion.  Once in the atmosphere,
the compounds can be removed by chemical degradation and to a much lesser extent by
precipitation.
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    Lifetime and half-life are not synonymous terms.  Lifetime values can be converted to half-life values by4

multiplying the lifetime value by the natural logarithm of 2.  For example, the atmospheric lifetime for
MTBE of about 4 days is equivalent to a half-life of about 2.8 days.
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Degradation in the Atmosphere.  A limited amount of work has been conducted
investigating the atmospheric lifetimes of selected fuel oxygenates.  Wallington et al.
(1988) and Tuazon et al. (1991) believe that it is reaction with hydroxyl radical (HOC) that
is the main determining factor affecting the atmospheric fate of these compounds.  For
example, Wallington et al. (1988) point out that photolysis (Calvert and Pitts, 1966),
reaction with ozone (Atkinson and Carter, 1984), and reaction with NO  radicals

3

(Wallington et al., 1986, 1987) are all negligibly slow for ethers and alcohols like MTBE
and TBA.

Wallington et al. (1988) studied the rate of reaction of both MTBE and TBA with HOC

at 25E C.  The main by-product of MTBE degradation is tert -butyl formate.  Based on the
values of the rate constants measured in that study and an average tropospheric HOC

concentration of 10  radicals/cm , Wallington et al. (1988) predicted atmospheric lifetimes6 3

of about 4 and 11 days for MTBE and TBA, respectively .  These are much shorter4

lifetimes than result from partitioning to precipitation (see the section on �Partitioning to
Precipitation").  The conclusions of Wallington et al. (1988) for MTBE were confirmed
in a separate study by Smith et al. (1991).  The lifetimes noted above apply to regional
airsheds, in which the HOC concentration will approximate the 10  radicals/cm  value6 3

assumed by Wallington et al. (1988).

For DIPE, Wallington et al. (1993) found that the reactivity of this compound is higher
than that of MTBE, ETBE, MeOH, and TBA.  The primary by-products are isopropyl
acetate and formaldehyde.  If DIPE receives widespread use as a fuel oxygenate in the
future, the implications of increased atmospheric levels of these two by-products in the
atmosphere would need investigation.

Partitioning to Precipitation.  Like other VOCs in the atmosphere, MTBE and other fuel
oxygenates will tend to partition into atmospheric water, including precipitation.  As
discussed in �Air/Water Partitioning,� the pertinent equilibrium constant for this
partitioning is the Henry's Law constant  H , or alternatively the dimensionless Henry's
Law constant H/RT.  Table 2.14 gives H and  H/RT values for MTBE and other fuel
oxygenates.

For the organic compounds of interest here, current knowledge indicates that partitioning
equilibrium can be expected between precipitation arriving at ground surface and the
concurrent atmospheric concentrations, also at ground surface (Slinn et al., 1978).  A fall
distance of only about 10 m (meters) is required to achieve partitioning equilibrium.  This
means that the assumption of a gas-phase concentration at the surface can be used to
predict the corresponding concentration in the precipitation arriving at the surface.  As a
result, when concentrations immediately surrounding local sources are high when
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averaged over timeframes of months to years, then rainfall passing through those
concentrations may be expected to be similarly elevated.  Conversely, a measured
precipitation concentration can be used to calculate a corresponding atmospheric
gas-phase concentration.  For such calculations, the temperature dependence exhibited by
H and H/RT for all compounds must be considered.

For an alkyl ether oxygenate like MTBE, falling precipitation will remove (i.e., wash out)
only a negligible amount of the gas- phase compound.  This may be shown as follows.
Since H/RT is the air/water concentration ratio, the air/water mass ratio is obtained by
multiplying H/RT by the air/water volume ratio:

(6)  

For a 1-m  (meter squared) area at ground surface and a tropospheric mixing height of2

1,000 m, the air volume is 1,000 m  (cubic meter).  For a precipitation event of 0.025 m3

(1 inch), the water volume is 0.025 m .  At 20 EC, H/RT for MTBE is 0.018.  Thus, the3

air/water mass ratio for the single event will be 0.018 x (1,000/0.025) = 720.  Only one
part in 720 (0.14%) will be removed by the precipitation event.  Similar calculations can
be made for the other fuel oxygenates.

Based on the above discussion, we conclude that even multiple precipitation events will
not provide an important loss conduit for fuel oxygenates from the atmosphere. However,
even when little net loss occurs from the atmosphere, it may nevertheless be important as
a source since natural waters have not, of course, historically contained the fuel
oxygenates.  What concentrations are typical for the fuel oxygenates in airsheds and
around local sources then becomes the most important issue determining the strength of
the atmosphere as a source of these compounds to surface water and ground water.

Surface Waters and Storm Runoff.  MTBE and other fuel oxygenates will enter surface
waters when water (e.g., urban storm-water runoff or ground water) containing these
compounds become surface water.  Direct spills of gasoline and the pure oxygenates
themselves to surface water are also possible.  Concentrations of MTBE that have been
found in storm-water runoff were described previously and are summarized in Tables 2.8
and 2.9.

Many variables will affect the occurrence and concentrations of fuel oxygenates in storm
water, as well as those in streams and rivers.  These variables include fuel-use patterns,
weather, unpredicted spill events, and so forth.  Comments can,  nevertheless, be made
concerning the length of time that would be required for fuel oxygenate compounds to be
lost by volatilization from flowing surface water, be it a stream, river, or storm-water
channel.

Volatilization from flowing water is affected by the rate of mass transport from the bulk
water to the air/water interface, and by the rate of mass transport from the air/water
interface up into the bulk air (Rathbun, 1990).  The inherent volatility of the compound
from water as measured by the dimensionless Henry's Law constant also plays a role, as
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in tables 2.16 and 2.17 will be reduced when the overlying atmosphere contains significant concentrations of
the oxygenate.  In contrast, biodegradation will reduce the half-life values, however, no information is
known to exist on the biodegradation of MTBE in surface water.
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does the temperature.  High compound volatility tends to favor dominance of the
volatilization process by the transport through the water phase and losses then occur
readily at the air/water interface.  This condition leads to:  (1) rate-determining
concentration gradients in the water phase; and (2) volatilization rates which do not
depend on compound volatility (e.g., MTBE and benzene can volatilize to the atmosphere
at essentially the same rate).  Three factors affect the water-side transport process:  the
water velocity, the water depth, and the temperature.  Two factors affect the air-side
transport:  the wind speed and the temperature.

Using methods outlined by Schwarzenbach et al. (1993), it is possible to carry out
calculations yielding the half-life (t ) values for MTBE, TBA, and benzene from flowing

1/2

surface waters to a clean atmosphere as a function of water velocity and water depth.
Biodegradation of the compounds is not included in the analysis, and the air to which
volatilization is occurring is assumed to have negligible amounts  of MTBE, TBA, and
benzene.  Table 2.16 gives results for MTBE at a winter  temperature of 5 EC under calm
 

Table 2.16:  Estimated half-life of MTBE in a stream  or river

under calm air conditions at 5EC.

 [MTBE, methyl tert-butyl ether]

Water
depth

(meters)

Half-life (days) for the following water
velocities, meters/second

0.032 0.1 0.32 1.0 3.2

  0.1 0.17 0.14 0.12 0.11 0.10

0.32 0.72 0.54 0.43 0.37 0.34

1.0 3.3 2.3 1.7 1.4 1.2

3.2 16 11 7.2 5.4 4.3

10 85 52 35 23 17

air conditions .  For very deep, slow-moving rivers or lakes, the half-lives can be5

significant [e.g., t  = 52 days or 450 km (kilometers) of travel distance for a depth of 10
1/2

m and a velocity of 0.1 m/s (meter per second).  MTBE entering a river under such
conditions will largely remain in the water for months.  Corresponding calculations for a
summer temperature of 25 EC are given in Table 2-17.  For any half-life of about 1 day
or greater at 5 EC (Table 2.16), increasing to a summer temperature of 25 EC reduces the
half-life as found in Table 2.17 by a factor of about 3.  Somewhat greater reductions are
predicted for very short half-life conditions as occur in fast-moving, shallow streams and
urban-runoff channels.  The alkyl ether oxygenates ETBE, TAME, and DIPE can be
expected to behave very much like MTBE as described in these two tables.  Calculations
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For MTBE half-lives of a day or longer.    6

   No scientific literature was identified as part of this assessment on root uptake of MTBE and other alkyl7

ether oxygenates.  The significance of the process remains to be assessed.
   We note in this context that it is now well known that chlorofluorocarbon (CFC) compounds present in the8

atmosphere can also partition to ground water, and that analyses of ground water for the CFC compounds can
even be used to distinguish recent from old ground water (Busenberg and Plummer, 1992; Plummer et al.,
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for windy conditions yield results that are similar to the results for calm conditions.  This
is due to the dominance of the mass transport by liquid-side transport for all but the
shallowest, fastest moving streams.

Predicted half-lives for benzene are very similar to those for MTBE, with the higher
volatility of benzene from water causing the benzene t  values to be a little shorter than

1/2

those for MTBE.  For the alcohol TBA, the low H/RT value of this compound causes its
half-lives to be increased by about 50 percent as compared to MTBE .6

Table 2.17:  Estimated half-life of MTBE in a stream or

river under calm air  conditions at 25EC.

[MTBE, methyl tert-butyl ether]

Water
depth

(meters)

Half-life (days) for the following water
velocities, meters/second

0.032 0.1 0.32 1.0 3.2

0.1 0.063 0.042 0.03 0.02 0.02
1 4 1

0.32 0.32 0.20 0.13 0.10 0.07
7

1.0 1.7 1.0 0.63 0.42 0.31

3.2 8.9 5.2 3.2 2.0 1.3

10 49 28 16 10 6.3

Ground Water.  As noted previously, there are two source types for the entry of fuel
oxygenates into the subsurface:  point sources and non-point sources.  For the latter, which
are the focus here, one needs to consider the movement of fuel oxygenates from the
atmosphere through the unsaturated zone  and into the ground-water zone by infiltration7

and diffusion.

Infiltration will be tied to the precipitation events in the area of interest; diffusion will
occur independently of filtration.  In order for there to be net downward transport of fuel
oxygenates, these two processes require the existence of a concentration gradient between
the atmosphere and the subsurface air.  As a result, once the local ground water reaches
equilibrium with the local ambient air concentration of MTBE at some mean temperature,
then the ground-water concentration of MTBE will not build up further, although
continued infiltration of the MTBE-containing water will cause the volume of the
contaminated water to increase when shallow ground water moves laterally or deeper .8
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1993).
The model used in this simulation is briefly described in Appendix 8.    9
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Increases of MTBE in ambient air levels would, of course, cause an increase in the
ground-water concentration.  When the depth to the water table is around 5 m, modelling
done for this assessment indicates that water which has equilibrated with the atmosphere,
can occur at the water table in times as short as 5 to 10 years .  In some areas of the9

Nation, dry wells are used to recharge storm water directly to ground water.  In such areas,
MTBE and other fuel oxygenates are expected to occur in ground water much more
rapidly.

Based on the data in Table 2.6, median concentrations of MTBE in urban air studied to
date seem to be of the order of a part per billion by volume or less.  For a mean winter
temperature of 5EC, H for MTBE is 1 x 10  atm-m  /mol (Robbins et al., 1993). -4 3

Therefore, for an atmospheric concentration of 1 ppb-v, the equilibrium concentration of
MTBE will be about 1 µg/L.  Similarly, if a specific city had a high MTBE median
concentration, say 3 ppb-v, then the equilibrium concentration in water will be about 3
µg/L.  If the atmospheric concentrations are systematically much higher around certain
source areas such as parking garages, gas stations, or roadways, then precipitation falling
near those areas is predicted to have higher levels, which could lead to ground water near
these sites having higher levels of MTBE.  For example, if the ambient air concentration
near a parking garage remained consistent at 30 ppb-v, then 30 µg/L could occur in
ground water (and storm water) immediately around the parking garage.

Biodegradation in the Environment
This subsection briefly reviews the literature regarding the biodegradability of fuel
oxygenates and their degradation products.  Only a limited amount of work has been
accomplished for most of the compounds.  Moreover, the studies are difficult to compare
because they have been performed under a wide variety of experimental conditions.  Both
aerobic and anaerobic experiments have been conducted.  In general, the investigations
have demonstrated that the alkyl ether oxygenates (MTBE, TAME, ETBE, DIPE) are
difficult to biodegrade.  In contrast, BTEX, EtOH and MeOH are readily biodegraded.
The difficulty with which alkyl ether oxygenates (and TBA) degrade is due to the
resistance to microbial attack of tertiary or quaternary carbon atoms (Suflita and Mormile,
1993; Yeh and Novak, 1994) and the very stable and chemically unreactive ether linkage
(Harada and Nagashima, 1975; Salanitro et al., 1994).  This subsection also discusses the
effects of fuel oxygenates on biodegradation of other gasoline components.

Fuel Oxygenates and By-Products.
Methyl tert-butyl ether.  Most studies have demonstrated that MTBE is not biodegraded
easily.  For example, various workers have found MTBE biodegradation did not occur
under conditions described as follows:  anaerobic microcosms, denitrifying conditions,
sulfate-reducing conditions, methanogenic conditions, and anaerobic conditions in landfill
aquifer material, soils, and sludges (Fujiwara et al.,1984; Moller and Arvin, 1990;
Mormile et al., 1994; Salanitro et al., 1994; Suflita and Mormile, 1993; Yeh, 1992; and
Yeh and Novak, 1991, 1994, 1995).  It has also been reported that there was no
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degradation of MTBE in aerobic microcosms after more than 100 days of incubation (Yeh
and Novak, 1995).  In the only controlled release that has been reported, MTBE was
�recalcitrant in the aquifer, exhibiting no mass loss over a sixteen month period� (Hubbard
et al., 1994).  

In contrast to the preceding observations, degradation of MTBE has been recorded on
occasion.  In a recent study of an actual fuel spill, MTBE was observed to degrade (decay
rate of 0.18 percent per day), but only near the source area (Daniel, 1995).  In addition,
laboratory studies performed as part of that project showed some degradation in aerobic
microcosms prepared from soil collected at the spill�s source.  TBA was produced in the
microcosms but degradation ceased when the concentration of MTBE reached 1 mg/L.
Degradation has also been reported in oxygen-limited microcosms after 4 weeks of
incubation (Thomas et al., 1988) and in one of three microcosms similarly prepared with
Ohio River sediment (Mormile et al., 1994).  In the latter experiment, the degradation
product was TBA which was then persistent.  Other laboratory studies have observed
degradation under conditions described as anaerobic or methanogenic, but only within a
limited pH range (near pH 5.5), and only when more easily degraded organic matter was
not present (Yeh and Novak, 1991).  

Ethyl tert-butyl ether.  ETBE, while also fairly recalcitrant, is less resistant to
biodegradation than MTBE.  Similar to their work with MTBE, Mormile et al. (1994)
studied the susceptibility of ETBE to anaerobic (sulfate and/or nitrate reducing conditions
and methanogenic conditions) biodegradation.  They observed no degradation when ETBE
was incubated with various inocula, regardless of the electron acceptor status.  Anaerobic
degradation was observed, however, in one study after a lag period of approximately 120
days.  TBA accumulated and degradation decreased rapidly as the pH was increased (Yeh
and Novak, 1991).  In more detailed subsequent studies, ETBE was observed to degrade
at a slower rate under denitrifying conditions and TBA accumulation was not observed.
Some enhancement of degradation was observed under methanogenic conditions, but there
was not a direct relationship which suggests that other factors are involved.  It was
concluded that anaerobic degradation occurred only under limited conditions and when
more easily degradable organic matter was not present (Yeh and Novak, 1995).  In
contrast, under aerobic conditions, after 30 days of incubation, ETBE was degraded
rapidly (2.5 mg/L/d per gram of soil) and TBA accumulated. 

tert-Amyl methyl ether.  The susceptibility of TAME to anaerobic (sulfate and/or nitrate
reducing conditions and/or methanogenic conditions) biodegradation has been evaluated.
No degradation was observed when the microcosms were incubated with various inocula,
regardless of the electron acceptor status (Mormile et al., 1994).  TAME (3 mg/L) was
also not degraded in 60 days when incubated with aquifer material, soil, or activated
sludges (Moller and Arvin, 1990).  

Diisopropyl ether.  Mormile et al. (1994) also studied the susceptibility of DIPE to
anaerobic (sulfate and/or nitrate reducing conditions and/or methanogenic reducing
conditions) biodegradation.  No degradation was observed when the microcosms were
incubated with various inocula, regardless of the electron acceptor status.  Similar results
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have been reported in other investigations (Fujiwara et al., 1984; Suflita and Mormile,
1993).

tert-Butyl alcohol.  Yeh and Novak (1995) reported that TBA persists in active microbial
systems, even in microcosms where ETBE is undergoing rapid degradation.  The
resistance of  TBA to biodegradation is consistent with reports by Hickman et al. (1989)
and Suflita and Mormile (1993).  When it does occur, anaerobic degradation of TBA is
strongly dependent on the initial concentration, and the indigenous microbial activity
(Hickman and Novak, 1989).

tert-Butyl formate.  MTBE, the most commonly used oxygenate, is subject to
photo-oxidation in the atmosphere.  Several by-products are generated as a result of this
process with a major product being tert-butyl formate (TBF).  Other products are TBA,
acetone, formaldehyde, methyl acetate, carbon dioxide, and water.

Because TBF is resistant to further photo-oxidation, and because its structure suggests
resistance to biodegradation, it is a potential ground-water contaminant.  No literature
citations regarding its degradability have been located.

Methanol.  In contrast to MTBE, which showed no mass loss for 16 months in a controlled
release, rapid methanol utilization occurred following a three-and-a-half month lag period
(Hubbard et al., 1994).  After 16 months, and only 45 m of travel, less than 1 percent of
the original methanol remained.  Insufficient oxygen was present in the plume to account
for all of the removal, so methanol is believed to have biodegraded by first aerobic, then
anaerobic mechanisms.  In another study, methanol degraded rapidly after an acclimation
period of only 5 days (Suflita and Mormile, 1993).  The rapid degradability is not
surprising, because there are at least eleven known species of methanogenic bacteria that
can utilize methanol as a sole carbon source (Mormile et al., 1994).

Ethanol.  Simple alcohols, such as ethanol, as opposed to structurally complex compounds
such as TBA, can be degraded by anaerobic respiration or, in the presence of sufficient
oxygen, by aerobic processes (Chapelle, 1992).  For example, the previous paragraph
discussed the rapid degradability of methanol under anaerobic conditions.  In the same
experiment, ethanol was also degraded readily, but the acclimation period increased from
5 to 25 days (Suflita and Mormile, 1993).  This information suggests that ethanol added
to the environment as part of a gasoline spill would readily degrade, albeit slower than
methanol.

Effects of Fuel Oxygenates on Biodegradation of Other Gasoline Components.  Concern
has been expressed that fuel oxygenates would have an inhibitory effect on the
degradation of other fuel hydrocarbons such as BTEX.  Consequently, several studies have
evaluated this possibility.  In the study by Hubbard et al. (1994), it was noted that the
presence of MTBE had no measurable effect on the degradation of BTEX in an aquifer.
Similarly, no effect on the BTEX respiration rate of sludge was observed for a
hydrocarbon mixture that contained MTBE (Fujiwara et al., 1984).  In contrast, 200 mg/L
of MTBE reportedly caused a weak inhibitory effect on the biodegradation of BTEX
(Moller and Arvin, 1990) and 740 mg/L inhibited the mineralization of the fuel
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component hexadecane (Horan and Brown, 1995).  An inhibitory effect of methanol on
BTEX degradation also has been demonstrated (Hubbard et al., 1994).  Inhibition can
occur because of the toxic effect of high methanol concentrations on microbial
populations, oxygen depletion due to methanol biotransformation, and preferential
microbial utilization of methanol as a substrate.

Abiotic Degradation in Natural Waters
Based on estimated physical-chemical properties or analogies to other structurally related
aliphatic ethers, it has been reported that in water MTBE is not expected to significantly
adsorb to bed sediments or suspended sediments, hydrolyze, directly photolyze, or
photooxidize via reaction with photochemically produced hydroxyl radicals in the water
(Prager, 1992).  MTBE has been reported to be chemically unstable in acidic solutions
(Budavari, 1989), however, hydrolosis is not expected to be significant in natural waters
under normal conditions (pH 5-9) (Lyman et al., 1990b).  MTBE may be abiotically
transformed via Fenton�s reaction (see the section on �Remediation at Point-Source
Release Sites�), however, conditions under which this reaction would occur rarely are
seen in natural waters.

Remediation at Point-Source Release Sites
Point-source contributions of gasoline to ground water will continue to occur from
releases at refineries, fuel distribution centers, during transportation and from refueling
stations.  Currently, the primary remedial technology for ground water contaminated with
gasoline is removal by pumping followed by aboveground treatment.  Another commonly
used method, soil vapor extraction (SVE), often used in conjunction with pumping, relies
on the high vapor pressure and biodegradability of gasoline.  With SVE, a vacuum is used
to remove the volatile hydrocarbons.  The increased air flow resulting from the induced
vacuum provides additional oxygen to enhance naturally occurring biodegradation.
Consequently, the presence of fuel oxygenates, because of their greater water solubility
and resistance to biodegradation, may complicate remedial activities.

There have been several evaluations of remedial technologies for fuel oxygenates, but
these have typically indicated low efficiency and high costs.  For example, Garrett et al.

(1986) concluded that filtration through activated carbon is not cost effective: a 0.06-m3

(cubic meter) bed lasts only a month or less on a household treatment system with an
influent concentration of MTBE of only a few milligrams per liter.  In more
comprehensive studies, it was concluded that MTBE-contaminated water could be
remediated and that air stripping, and air stripping with carbon adsorption had the lowest
treatment costs (International Technology Corporation, 1991; Truong and Parmele, 1992).
A recent survey of fifteen field air-stripping installations indicated that 56 to 99.9 percent
of the MTBE was being removed with a median removal rate of 91 percent (API, 1990).
Because of the relatively low efficiency of air stripping for MTBE, it may be cost effective
to increase the Henry�s Law constant ( H ) by heating the process water (Butillo et al.,
1994).  Heating the air stripper influent stream to 80 EF over a 30-ft (foot) packed column
was equivalent to using 50 EF water and a 60-ft packed column.  When there can be no
air emissions, use of oxidation with UV/peroxide/ozone is also a feasible treatment
alternative.  This latter approach, however, has high capital and operating costs. 
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Addition of hydrogen peroxide, provided initially as a source of oxygen to support
microbial degradation, has been found to hydrolyze MTBE and ETBE with the immediate
formation of TBA and some acetone (Yeh, 1992; Yeh and Novak, 1995).  ETBE was
oxidized faster than MTBE when hydrogen peroxide was added (Yeh and Novak, 1995),
and the conversion of these two oxygenates was faster in organically rich soils, in
comparison to organically poor soils (Yeh, 1992).  The reaction only occurred when iron
was added to act as a catalyst for the release of hydroxyl radicals from the hydrogen
peroxide.  The oxidation, therefore, occurs by means of Fenton�s reaction.  This reaction,
however, does not have wide applicability because it is inefficient in aerobic or
near-neutral ( pH > 6.5) to alkaline environments.

An increasingly common method for managing gasoline spills is intrinsic bioremediation,
also termed passive remediation.  For this approach, protocols are being developed that
demonstrate whether or not the activity of the indigenous microbial population is
containing the spill.  When such is the case, active remediation is not performed and the
site is merely monitored to ensure that containment and natural removal continues.  The
presence of alkyl ether oxygenates will complicate use of this approach either by
inhibiting degradation of the fuel components or because of their own resistance to
degradation (Horan and Brown, 1995; Yeh and Novak, 1991).  Although degradation in
natural systems can be observed, slightly acidic conditions and very low levels of organic
matter are required (Yeh and Novak, 1991).  Those conditions are common in
drinking-water aquifers, but such systems typically lack the nutrients that would be needed
to sustain biodegradation.

Despite the resistance of MTBE to indigenous bacteria, it may be possible to develop
biotreatment methods.  Recent research has demonstrated that both mixed bacterial
populations and certain pure bacterial strains, isolated from biotreater sludges and other
sources, have the ability to utilize MTBE as a sole carbon source (Mo et al., 1995;
Salanitro et al., 1994).

The preceding discussion has focused on the alkyl ethers but circumstances are much
different for MeOH and EtOH.  For both of these alcohols, biological treatment and
intrinsic bioremediation are effective alternatives.  However, high concentrations (>10%)
may not be biodegradable (Brusseau, 1993) and lesser concentrations have an inhibitory
effect on BTEX degradation (Butler et al., 1992). 
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CONCLUSIONS

Conclusions are based on a review of the scientific literature, data, other agency
information, and calculations summarized in this chapter. Except for MTBE, there are
little to no monitoring data on fuel oxygenates in commercial use for ground water,
surface water, and drinking water. As such, many of the conclusions are specific for
MTBE. The following conclusions are made:

Sources and Releases
1. The sources of MTBE and other alkyl ether oxygenates to surface water and ground
water are the same as those associated with the production, transport, storage, and use of
conventional gasoline.
C Examples of point sources include releases from refineries and gasoline storage

tanks, spillage, and evaporative emissions during fuel handling.
C Examples of non-point sources include precipitation, overland runoff, and vehicular

mobile emissions.
2.  The release of MTBE to the environment (water, land, and air) is almost entirely
associated with the production, transport, storage, and use of this chemical as a fuel
oxygenate.
C Annual releases from vehicular emissions, evaporative losses from gasoline stations

and vehicles, and storage tanks have not been reported in the scientific literature.
However, such releases are perceived to be important sources for the entry of MTBE
into the hydrologic cycle.

C Petroleum storage tanks represent the largest population of potential point sources
of alkyl ether oxygenates.  Localized concentrations in ground water from these
sources may be in the thousands of micrograms-per-liter range and some instances
of impact to drinking-water wells have been reported.  There are no current Federal
or State summary data that characterize the frequency or scale of MTBE
water-quality impacts from these sources.

C Estimates of industrial releases reported via the TRI for 1993 totaled about 1.7
million kilograms:
�  About 84 percent of these known releases were from refineries.
�  About 97 percent of these releases were to the atmosphere.

Monitoring and Regulations
3.  Comprehensive national monitoring to describe the occurrence of MTBE and other fuel
oxygenates in all compartments of the hydrologic cycle and drinking water has not been
completed to date.
C USGS has measured MTBE in ground water in select areas of the Nation and in

storm water in 16 large cities.
C USEPA and others have measured MTBE in ambient air and in air near gas stations,

parking lots and garages, roadways, and at or near blending and distribution
facilities, as part of special studies. 

4.  Although information on MTBE monitoring is being compiled by the States and
associated findings were sought as part of this assessment, only a few States were able or
willing to compile and report their data within the allowable time frame.
C Additional information is needed from the States and large water utilities to better
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characterize monitoring of fuel oxygenates being done nationwide.
C At least eight States have monitored their public water-supply systems or a subset of

systems for MTBE.
C Some States have monitored for MTBE in select private wells and public

water-supply systems where contamination of ground water was known or suspected.
5.  A Federal drinking-water standard or ground-water protection standard has not been
established for MTBE or other fuel oxygenates, however, the USEPA has issued a draft
drinking-water lifetime health advisory for MTBE of 20 to 200 µg/L. 
C At least 11 States have established or are promulgating a drinking-water standard or

health advisory/guideline for MTBE.
C At least 10 States have established action levels and/or clean-up levels for releases

of gasoline containing MTBE to ground water.

Occurrence in Compartments of the Hydrologic Cycle
6.  Available monitoring data show that the use of MTBE as a fuel oxygenate (or as an
octane enhancer) can result in the introduction of MTBE to air, storm water, shallow
ground water, and to a lesser extent to deeper ground water, in those cities or States where
it is used.
C Low concentrations of MTBE have been measured in urban air in six special studies,

typically at median levels at or below 1 ppb-v.  Higher levels were found near
gasoline stations, roadways, parking lots and garages, and blending and distribution
facilities.

C MTBE was detected in about 7 percent of 592 storm water samples collected in 16
cities between 1991-1995.
� When detected the concentration ranged between 0.2 to 8.7 µg/L, with a median

of 1.5 µg/L.
� A strong seasonal pattern of detection was evident; 83 percent of MTBE

detections were found during the winter season.
� MTBE was detected both in cities using oxygenated gasoline to abate carbon

monoxide non-attainment, and in cities presumed to have used MTBE in gasoline
for octane enhancement.

C MTBE was detected in about 5 percent of over 1,500 wells which were sampled as
part of ground-water assessments, and at least one detection was found for 14 of 33
States surveyed to date.
� Most of the detections occurred in shallow ground water in urban areas.
� Less than 2 percent of the wells screened in deeper aquifers or deeper parts of

shallow aquifers had MTBE, however, these data show that MTBE can reach
deeper ground water.  The mechanism for this deeper migration is not known.

� Concentrations of MTBE in ground water greater than about 30 µg/L originate
from point sources, whereas lower concentrations may originate from point
sources, non-point sources, or both.

7.  MTBE has been detected in public and private drinking-water supplies derived from
ground water, however, data available for this initial assessment are inadequate to
characterize MTBE occurrence in drinking water nationwide.
C MTBE was detected in 51 public drinking-water systems, and in 6 of 7 States that

provided information. Nearly all the detections of MTBE in public water-supply
systems were at concentrations less than 20 µg/L.
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C MTBE has been detected in a few private wells in at least four States.  Typically,
high levels of MTBE (>200 µg/L) were evident in these wells, which were sampled
because of known or suspected point-source contamination.

C Additional MTBE monitoring data for drinking water are needed before the
significance of drinking water as a route of exposure can be assessed for the Nation.

Significance of Measured Concentrations to Drinking Water and Aquatic Life
8.  Monitoring data indicate the presence of MTBE in some ground-water samples and,
as such, drinking water derived from ground water represents a potential exposure route
for humans to this chemical.  Little information exists on  MTBE in drinking water
derived from surface water and, therefore, the potential for this exposure route remains
to be shown by monitoring.
C When detected, the concentration of MTBE in public drinking-water systems was

nearly always below 20 µg/L, the lower limit of USEPA�s current draft
drinking-water lifetime health advisory.  This indicates that the consumption of
drinking water was not a major route of exposure for these systems.

C With continued increased use, the occurrence and spatial distribution of MTBE in
ground water may change from today�s understanding, and alter the occurrence and
possibly the concentration of this chemical in drinking water derived from ground
water.

9.  Taste and odor threshold values (for water) have been reported for MTBE, ETBE, and
TAME, and the detection values for MTBE fall in the range of the USEPA�s
drinking-water lifetime health advisory for this chemical, 20 to 200 µg/L.
C The taste detection thresholds for MTBE from two studies are 39 and 134 µg/L.
C The odor detection thresholds for MTBE from two studies are 45 and 95 µg/L.

10.  Inadequate information exists to assess the significance of MTBE and other alkyl
ether oxygenates on aquatic life.
C Water-quality criteria to protect aquatic life have not been established at the national

level.
C Chronic toxicity data are lacking, and limited information exists on acute toxicity to

aquatic animals and plants.
C Little monitoring data exist to determine the concentration of MTBE present in

surface waters, to which aquatic life is exposed.

Environmental Behavior and Fate
11. Water that is equilibrated with an oxygenated fuel can contain a very high
concentration of the oxygenate.
C The water solubility of MTBE will be about 5,000 mg/L at room temperature for a

gasoline that is 10 percent MTBE by weight.  In contrast, the total hydrocarbon water
solubility is typically about 120 mg/L for conventional gasoline.

C Ground water MTBE concentrations as high as about 200 mg/L have been observed
in wells near gasoline spills.  The fact that these concentrations are typically lower
than saturation levels for gasoline oxygenated with MTBE is likely due to either
dilution by uncontaminated water as the contaminated water flows towards and into
wells and/or a depletion of the MTBE levels in the gasoline by the dissolution
process itself.

12.  While gasoline containing alkyl ether oxygenates can lead to high concentrations of
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fuel oxygenates in water, these concentrations are not typically high enough to increase
either the water solubilities or the transport rates of the BTEX compounds in ground
water.
C Gasolines containing very high percentages of EtOH and MeOH are capable of

causing this effect, but such fuels are not in widespread use.
13.  The fuel oxygenates sorb only weakly to soil and aquifer materials.  Therefore,
sorption to those materials will not retard their transport by ground water to any
significant extent.
14.  Relative to the BTEX compounds, MTBE and other alkyl ether oxygenates are
significantly less degradable, while EtOH and MeOH are more easily degradable.
C MTBE, ETBE, TAME, and DIPE are not rapidly biodegraded.
C Except when present in concentrations high enough (>10%) to be toxic to

microorganisms, EtOH and MeOH are readily degraded.  Degradation of EtOH and
MeOH may inhibit degradation of other gasoline components because they can be
a preferred or competing substrate for indigenous microbes.

C For the limited conditions under which biodegradation has been observed, TBA, also
difficult to degrade, is often formed from MTBE and ETBE.

15. MTBE and other alkyl ether oxygenates have lifetimes in the atmosphere that range
from 4 days to 2 weeks.  The main degradation pathway seems to be reaction with
hydroxyl radicals.
16.  Washout of gas-phase MTBE by precipitation will not by itself significantly alter the
gas-phase concentration of this compound in the atmosphere.  As such, washout by
precipitation is not an important mechanism for the removal of this oxygenate from the
atmosphere.  Nevertheless, the partitioning of MTBE to water (precipitation) is strong
enough to allow for measurable inputs of MTBE to surface water and ground water.
C For general atmospheric levels of MTBE in urban areas, based on limited available

information, the concentration of MTBE in precipitation can range from sub
micrograms per liter to about 3 µg/L.

C Near gasoline stations, roadways, and parking lots and garages, that experience
consistently high sources of MTBE to the atmosphere, the concentration of MTBE
in precipitation can be increased above the 3 µg/L level noted above.

17. The concentration of MTBE in ground water, that originates from atmospheric
sources, is expected to change in response to increases or decreases in the concentration
of MTBE in urban air.  Several years or longer will be required before such changes are
evident in ground water.
18.  While MTBE is volatile from water, in large rivers and some streams this compound
will not be lost quickly (e.g. half-lives >1 day) by volatilization, especially at low
temperature.  The rate of volatilization will frequently be controlled by mass-transport
limitations in the water phase, and under such circumstances MTBE and other alkyl ether
oxygenates will exhibit volatilization rates (half-lives) that are similar to those of the
BTEX compounds.
19.  Abiotic degradation processes, including hydrolysis, direct photolysis and indirect
photolysis (e.g., reaction with hydroxyl radicals) are not expected to significantly alter the
concentration of MTBE in natural waters.

Remediation
20.  The presence of MTBE and other alkyl ether oxygenates does not prevent the
application of conventional (active) remedial methods (air stripping, carbon adsorption,
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and  soil vapor extraction) for gasoline spills but it does raise the cost.
C Considering the equilibrium partitioning between air and water, the alkyl ether

oxygenates are less volatile from water than the BTEX compounds.
C The alkyl ether oxygenates can be removed from water using aeration, but only with

high air/water ratios.
21.  The application of intrinsic (passive) bioremediation, an emerging, inexpensive
approach to the management of gasoline spills, may be limited because of the difficulty
with which alkyl ether oxygenates are biodegraded and the tendency of these compounds
to migrate from release sites.  For contaminant plumes containing EtOH or MeOH,
however, intrinsic bioremediation, or enhancements to in-situ bioremediation will remain
effective.
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