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Preface

THE CLEAN AIR ACT requires the use of reformulated gasoline (RFG) in
specific areas of the United States with substantial ozone-pollution
problems in an effort to make emissions from light-duty motor vehicles
(automobiles and small trucks) less ozone forming and less toxic. That
act requires RFG to have a minimum oxygen content of 2% (by weiglit)
to promote more-extensive combustion of ozone-forming pollutants.
Methyl tertiary-butyl ether (MTBE) and ethanol are two of the most
widely used oxygenates that are blended into RFG to attain the oxygen
requirement.

The U.S. Environmental Protection Agency (EPA) has established
emission performance standards for RFG blends based on the mass of
emissions of volatile organic compounds. Because ethanol-blended
gasoline has a higher volatility than other blends and thus results in
increased evaporation of organic compounds, it is difficult for such
blends to meet the RFG stahdards unless the ethanol is blended with
special low-volatility gasoline, which is more expensive and not readily
available in many markets.

Proponents for the increased use of ethanol in RFG believe that the
effects of the increased volatility of ethanol blends could be offset by the
benefits that might be achieved through a reduction in ozone-forming
potential. Itis believed that emissions from the use of ethanol biends o
RFG are less reactive in the atmosphere. However, EPA has no estab
lished method to assess RFG blends on the basis of ozone-forming poten
tial,

Some members of Congress have been urging EPA to consider certi

ix



X PREFACE

fying RFG blends based on atmospheric reactivity or ozone-forming
potential of the resulting emissions—not on just the mass of emissions
as is done now. At the urging of Senator Lugar and others, EPA ar-
ranged for this study with the National Research Council (NRC). The
Committee on Ozone-Forming Potential for Reformulated Gasoline was
formed in 1997 by the NRC in response to the request from EPA.

The committee was asked whether the existing body of scientific
and technical information is sufficient to permit a robust evaluation and
comparison of the emissions from motor vehicles using different refor-
mulated gasolines based on their ozone-forming potentials and to assess
the concomitant impact of that approach on air-quality benefits of the
use of oxygenates within the RFG program. As part of its charge, the
committee was asked to consider (1) the technical soundness of various
approaches for evaluating and comparing the relative ozone-forming
potentials of RFG blends, (2) technical aspects of various air-quality
issues related to RFG assessment, and (3) the sensitivity of evaluations
of the relative ozone-forming potentials to factors related to fuel proper-
ties and the variability of vehicle technologies and driving patterns,

It is important to note that the committee was not asked to consider
scientific issues beyond air quality, such as the relative health risks
related to human exposure to various blends of RFG and their resulting
emissions. Also, the committee was not asked to address the political,

-economic, and legal ramifications of changing the way that RFG certifica-
tion is carried out. _

The committee was generously assisted by many people, including
those who presented valuable information and documents during the
committee’s public sessions: Charles Freed, Susan Willis, and Christine
Brunner, U.5. EPA; Dean Simmeroth and Lawrence Larsen, California Air
Resources Board (CARB) staff; Dennis Lawler, Illinois EPA; Michael
Ward, of Swidler and Berlin; Gary Whitten, Systems Application Interna-
tional; Alan Dunker, General Motors; Cal Hodge, Oxygenated Fuels
Association Technical Committee; Barry McNutt, U.S. Department of
Energy; William Carter, University of California at Riverside; Robert
Harley, University of California at Berkeley; Howard Feldman, American
Petroleum Institute; Charles Schleyer, Mobil. Special thanks are due to
Patricia McElroy and Robert Beaver of the University of California at
Riverside, and Kevin Cleary of CARB staff who provided valuable assis-
tance in data analysis. Also, Robert Dinneen, Renewable Fuels Associa-
tion; Stephen Cadle, Coordinating Research Council; and Jose Gomez,
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CARB staff, provided very useful information at the committee’s request.

This report has been reviewed in draft form by individuals chosen
for their diverse perspectives and technical expertise in accordance with
procedures by the NRC’s Report Review Committee. The purpose of this
independent review is to provide candid and critical comments that assist
the NRC in making the published report as sound as possible and to
ensure that the report meets institutional standards for objectivity,
evidence, and responsiveness to the study charge. The content of the
final report is the responsibility of the NRC and the study committee and
not the responsibility of the reviewers. The review comments and draft
manuscript remain confidential to protect the integrity of the deliberative
process. We wish to thank the following individuals for their participa-
tion in the review of this report: David Allen, University of Texas at
Austin: Bart Croes, CARB staff; Richard Derwent, Meteorological Office,
Berkshire, U.K.; Alan Dunker, General Motors; Thomas Graedel, Yale
University; Robert Harley, University of California at Berkeley; Harvey
Jeffries, University of North Carolina at Chapel Hill; Douglas Lawson,
National Renewable Energy Laboratory; Thomas Peterson, University of
Arizona; F. Sherwood Rowland, University of California at Irvine; Marc
Ross, University of Michigan; Charles Schieyer, Mobil; Lance Waller,
Emory University; and Gary Whitten, Systems Application International.

The individuals listed above have provided many constructive com-
ments and suggestions. 1t must be emphasized, however, that responsi-
bility for the final content of this report rests entirely with the authoring
committee and the NRC.

The committee was ably assisted by NRC staff, especially Raymond
Wassel, James Reisa, James Zucchetto, Laurie Geller, K. John Holmes,
Robert Crossgrove, Ruth Danoff, Tracie Holby, and others. ‘

Finally, I would like to express my thanks to the members of the
committee for their diligent work. This report reflects the committee’s
consensus response to its charge.

William Chameides,
Chair, Committee on Ozone-Forming
Potential for Reformulated Gasoline
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Executive Summary

THE FEDERAL REFORMULATED GASOLINE (RFG) Program was mandated by
the Clean Air Act Amendments of 1990 (Public Law 101-549) to help
mitigate near-ground ozone pollution, a principal component of “smog,”
in the United States. In the lower atmosphere, ozone is produced by
chemical reactions involving nitrogen oxides (NQ,), a great variety of
“volatile organic compounds (VOCs), and carbon monoxide (CO) in the
presence of sunlight. All three types of ozone-precursor compounds are
emitted by gasoline-fueled motor vehicles, so the control of motor vehi-
cle emissions has been a major emphasis of the nation’s effort over
several decades to address the problem of ozone pollution.

The RFG program attempts to lower motor-vehicle emissions
through re-engineering gasoline blends. For example, the Clean Air Act
mandates a specified minimum oxygen content in RFG blends to help
reduce emissions of ozone precursors from gasoline-fueled motor vehi-
cles and to reduce the need for some toxic compounds, such as benzene,
in the fuel. By itself, conventional gasoline has no oxygen content.
Therefore, oxygen-containing chemical additives, called oxygenates, are
blended into the fuel. '

Implementation of the RFG program has involved controversy about
how to determine which RFG formulations meet the various require-
ments of the program and which do not. The use of oxygenates in RFG
is perhaps the most contentious aspect. Methyl tertiary-butyl ether
{MTBE) and ethanol are two of the oxygenates most commonly used to
meet the RFG program’s oxygen requirement. One aspect of the contro-
versy involves the release of toxic compounds into the environment; for
example, a phase-out of MTBE has already been mandated in California

1



2 OZONE-FORMING POTENTIAL OF REFORMULATED GASOLINE

because of concern about environmental risks associated with MTBE
leakage into drinking water. The other aspect of the controversy, which
is the focus of this report, relates to the ozone pollution problem. MTBE
and ethanol can affect the amounts and types of ozone precursor com-
pounds emitted from tailpipes of motor vehicles as well as from the
evaporation of unburned fuel. Questions persist over which oxygenate
is preferable in terms of air-quality impact. This report addresses the
potential impact of oxygenates in RFG on the ozone-forming potential of
emissions from motor vehicles.

How should regulatory agencies determine if one RFG blend using
a particular oxygenate is preferable to another? In attempting to miti-
gate ozone pollution, the U.S. Environmental Protection Agency (EPA)
currently addresses such questions by estimating the mass of VOC emis-
sions resulting from the use of an individual RFG blend, If the estimated
mass of emissions exceeds a specified amount, that fuel blend is disal-
lowed. However, a different method for assessing RFG blends has been
proposed. Although certain fuel blends, such as those using ethanol,
might result in greater amounts of emissions in terms of mass (because
of the volatility of ethanol), it is argued that those emissions have a
lower ozone-forming potential compared with emissions from other fuel
blends. Therefore, the argument goes, EPA’s assessment of RFG blends
should be based not only upon mass of emissions, but also upon their
reactivity (i.e., ozone-forming potential).

To help assess the scientific underpinning for this question, EPA
asked the National Research Council to study it independently. In
response, the Research Council formed the Committee on Ozone-Form-
ing Potential of Reformulated Gasoline, which has prepared this report.
The committee was charged to assess the utility and scientific rigor of
evaluating the ozone-forming potential of the emissions resulting from
REG use (i.e., an approach that takes into account not only the total
mass of emissions, but also the potential of the emissions to produce
ozone)., The committee was not charged or constituted to address the
design or implementation of possible new regulations based on the
ozone-forming potential of RFG blends. In addition, the committee was
not charged or constituted to address relevant, but separate, issues about
domestic sources versus foreign sources of fuel, relative energy and cost
implications for the production of different RFG blends, relative health

and global environmental impacts, or the use of renewable versus non-
renewable fuels.
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In approaching the task addressed by the committee, it is useful to
note the context that has led to the RFG program and, thus, to the need
for this study. Efforts to reduce ozone polhution in the United States
have clearly had a positive impact on our nation’s air quality. After
accounting for the effects of meteorological fluctuations, data from EPA’s
Aerometric Information Retrieval System indicate that peak ozone con-
centrations in 41 metropolitan areas in the United States decreased by
about 10% overall from 1986 to 1997 despite growing fuel usage.
Nevertheless, ozone pollution remains a problem; in 1997, about 48
million people lived in areas of the United States that were classified as
ozone “non-attainment” areas, and promulgation of the new 8-hr Na-
tional Ambient Air Quality Standard (NAAQS) of 0.08 parts per million
(ppm) for ozone is projected to triple the number of counties in non-
attainment and to result in extensive non-attainment in rural areas of the
eastern United States. The persistence of ozone pollution has sparked a
need for innovative approaches to mitigation, and the RFG program is
one such attempt. . _

An assessment of the ozone-forming potential of emissions from
motor vehicles fueled by RFG requires information on the types and
amounts of emissions from the vehicles. Gasoline-fueled vehicles emit
VOCs, NO,, and CO. VOCs from engine exhaust include many different
compounds, some of which are not present in the original fuel but are
created in combustion. VOCs can also evaporate from a vehicle’s fuel
system, and are thus independent of combustion. Each type of VOC can
react differently in the atmosphere and thus affect the overall ozone-
forming potential of vehicular emissions. NO, and CO emissions are
generated during combustion and occur only in the exhaust.

In addition to what and how much is emitted, evaluating the ozone-
forming potential of various RFG blends involves assessing how reactive
the emitted pollutants might be in the chemical processes that form
ozone in the lower atmosphere. If the effect of RFG on air quality is
large, then the difference between two blends of RFG might be readily
discernible. On the other hand, if RFG has a very small effect on air
quality, it is likely to be very difficult to identify which of two RFG
blends is preferable in terms of air-quality impacts, let alone to quantify
these effects reliably.

With both its charge and the context in mind, the committee under-
took a review and analysis of relevant data and literature and also
considered written and oral statements from numerous experts from the
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academic, private, and public sectors, The major findings of these
deliberations and analyses are summarized below.

1. OZONE-PRECURSOR EMISSIONS FROM
GASOLINE-FUELED VEHICLES

Overall emissions of ozone precursors from gasoline-fueled motor vehicles
have substantially decreased in recent decades, largely as a result of govern-
ment mandates and industry’s development and use of new emission con-
trols on motor vehicles.

According to EPA estimates for 1997, emissions of VOCs from on-
road gasoline-fueled motor vehicles contributed about 26% to the total
inventory of VOC emissions from all sources. Correspondingly, on-road
vehicles contributed 22% to the inventory for NO,, and 56% for carbon
monoxide (CO). These contributions are projected to continue to shrink
in the coming years. If correct, this would imply that the potential
impact of using RFG on near-ground ozone concentrations will decrease
with time. In fact, air-quality modeis suggest that implementation of the

- RFG program reduces peak ozone concentrations by only a few percent.
Even if the relative contribution of motor vehicles to the current inven-
tory of ozone precursor emissions from all sources has been underesti-
mated (which, historically, has often been the case), the reduction in
peak ozone from the RFG program would still likely be less than 10% at
most. Although long-term trends in peak ozone in the United States
appear to be downward, it is not certain that any part of these trends can
be significantly attributed to the use of RFG.

2. HIGH-EMITTING MOTOR VEHICLES

A sizable portion of the ozone-precursor emissions from gasoline-fueled
motor vehicles appears to be associated with a relatively small number of
high-emitting vehicles in the United States.

Emissions tests, tunnel studies, and remote-sensing of tailpipe
exhaust suggest that a disproportionately large fraction of motor-vehicle
exhaust emissions arise from a relatively small number of high-emitting
vehicles. Many such vehicles have improperly functioning catalyst sys-
tems because of catalyst deterioration or improper control of the air-to-
fuel ratio. In addition, tests performed during the operation of motor
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vehicles indicate that a substantial contribution of emissions occurs
during a cold start (i.e., before the catalyst system reaches its operating
temperature). The committee did not have sufficient information to
assess whether vehicles with malfunctioning evaporative-control systems
also are important contributors. The great majority of emissions testing
of motor vehicles using RFG has been performed on normally functioning
vehicles, and there is substantial uncertainty over how RFG affects
emissions from high emitting vehicles. Therefore, it is difficult to quan-
tify total motor-vehicle emissions for an entire motor-vehicle fleetand to
assess the efficacy of the use of RFG for the full driving cycle.

3. THE USE OF REACTIVITY IN ASSESSING
THE OZONE-FORMING POTENTIAL OF EMISSIONS

The use of reactivity in assessing the ozone-forming potential of VOC emis-
sions has reached a substantial level of scientific rigor, largely as a result of

research sparked by policy making in California over the past several
decades.

Ozone chemistry involves many thousands of reactions and a similar
number of compounds. Not only does ozone formation respond differ-
ently to different VOC compounds and different amounts of NO,, it also
responds differently in different locations or pollution episodes. Assess-
ment of reactivity is most appropriate for VOC-limited areas (i.e., areas
where ozone concentrations are more sensitive to changes in VOC con-
centrations than to changes in NO, concentrations). It is likely that
reactivity factors could be used in those areas to address non-attainment
of the new 8-hr, 0.08-ppm NAAQS for ozone, in a manner similar to that
used to address non-attainment of the current 1-hr, 0.12-ppm NAAQS.
However, it should be noted that in NO -limited regions, reactivity—as
it is currently used-—-is of limited value with respect to ozone mitigation.
Little research has been undertaken on the derivation and application of
NO, reactivity.

4. RELATIVE REACTIVITY AS A MEANS OF COMPARING FUELS

The most robust reactivity measures for comparing emissions from different
sources are the so-called relative-reactivity factors, but they are often uncer-
tain and of limited utility for comparing similar RFG blends.
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These factors are formed by taking the ratio of the reactivity of one
compound or emission source to that of another, and thereby canceling
out many of the uncertainties associated with the calculation of reactivi-
ties. Even so, relative-reactivity factors are typicaily subject to substan-
tial uncertainty. Various studies suggest that the uncertainty in relative
reactivity for emissions, such as those arising from motor vehicles, is
generally about 15-30% (at the 95% level of statistical confidence). The
major contributors to this uncertainty arise from the substantial variabil-
ity and difficulty in characterizing how different vehicles respond to
changes in fuel composition, the limited amount of test data available,
and the limited knowledge of how well a vehicle fleet is characterized by
the available data. Because the reactivity of emissions from motor
vehicles using various RFG formulations tends to be guite similar and the

emissions composition so variable, the reactivity approach is sotnetimes
of limited utility.

5. REACTIVITY OF CO EMISSIONS

CO in exhaust emissions from motor vehicles contributes about 20% to the
overall reactivity of motor-vehicle emissions. ‘

The contribution of CO to ozone formation should be recognized in
assessments of the effects of RFG. If adding an oxygenate to a gasoline
significantly changes the amount of CO emitted by the motor vehicle
fleet, this would affect ozone formation. Further, as VOC emissions from
mobile sources continue to decrease in the future, CO emissions might
become proportionately an even greater contributor to ozone formation.
The committee did not conclude that the various RFG oxygenates af-
fected CO emissions to such a degree that they substantially altered
reactivity comparisons between RFG blends. However, it is important to
note that there are substantial uncertainties in how fuel oxygen impacts
CO emissions from high-emitters, as well as in the contribution of high-
emitters to overall CO emissions.

6. OVERALL AIR-QUALITY BENEFIT OF RFG

Emissions tests, tunnel studies, and remote-sensing of tailpipe exhaust
indicate that RFG usage can cause a decrease in both the exhaust and
evaporative emissions from motor vehicles,

In addition to 2 minimum oxygen content, the RFG program re-
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quires gasoline blends to have a number of other characteristics that are
intended to produce lower emissions. Major contributors to decreased
emissions appear to be lowering the Reid Vapor Pressure (RVP)' of the
fuel, which helps depress evaporative emissions of VOC, and lowering
the concentration of suifur in the fuel, which prevents poisoning of a
vehicle’s catalytic converter by sulfur. Overall, it is estimated thart use of
RFG can result in approximately a 20% reduction in the mass and total
reactivity of VOC emissions from motor vehicles. In addition, such
blends can lead to reductions in emissions of CO and some air toxics.
Despite such emission reductions, however, the overall effect of the RFG
program on ozone air quality is expected to be difficult to discern.

7. EFFECT OF OXYGENATES IN RFG

The use of commonly available oxygenates in RFG has little impact on
improving ozone air quality and has some disadvantages.

Although there is some indication that oxygenates decrease the
mass of VOC and CQO exhaust emissions, as well as their combined reac-
tivity, the decrease, if any, appears to be quite small. Moteover, some
data suggest that oxygenates can lead to higher NO, emissions, which
are more important than VOC emissions in determining ambient ozone
levels in some areas. Thus, the addition of commonly available oxygen-
ares to RFG is likely to have little air-quality impact in terms of ozone
reduction.

The most significant advantage of oxygenates in RFG appears to be
a displacement of some toxics (e.g., benzene) from the RFG blend, which
results in a decrease in toxic emissions. However, not all air toxics are
decreased; for example, emissions of formaldehyde are not decreased
and might even be increased by MTBE blends of RFG. Although ethanol
blends of RFG might not increase formaldehyde emissions, they lead to
increased emissions of acetaldehyde.

. 8. MTBE BLENDS VERSUS ETHANOL BLENDS—
EXHAUST EMISSIONS

The reactivity of the exhaust emissions from motor vehicles operating on

'RVP is the constrained vapor pressure of a fuel at 100°F.
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ethanol-blended RFG appear to be lower—but not significantly lower——than
the reactivity of the exhaust emissions from motor vehicles operating on
MTBE-blended RFG.

Data from emission tests indicate that there is no statistically signifi-
cant difference (at the 95% confidence level) between RFGs blended
with MTBE or ethanol in the mass of VOC or NO, exhaust emissions from
motor vehicles, There is also no statistically significant difference be-
tween MTBE and ethanol blends in the reactivity of VOC exhaust emis-
sions. No evidence supports the claim that reactivity-weighted VOC
emissions from properly operating motor vehicles using RFG with etha-
nol would be significantly less than those from motor vehicles using RFG
blended with MTBE, even if the ethanol-containing fuel had more oxygen
than the MTBE-containing fuel. On the other hand, some data indicate
that exhaust emissions of CO from motor vehicles using RFG blended
with ethanol are somewhat lower than those of motor vehicles using an
MTBE-blended RFG. As a result, a small reduction in the reactivity of the
combined VOC and CO exhaust emissions from motor vehicles might

result from the use of an ethanol-blended RFG over that of a MTBE-
blended RFG. )

9. MTBE BLENDS VERSUS ETHANOL BLENDS—
EVAPORATIVE EMISSIONS

Both the mass and reactivity (mass of ozone per mile} of evaporative emis-
sions from motor vehicles using ethanol-blended RFG were significantly
higher than from motor vehicles using MTBE-blended RFG.

The higher evaporative emissions of the ethanol-blends were likely
due, at least in part, to the fact that such blends had an RVP that is
approximately 1 pound per square inch (psi) higher than the equivalent
MTBE-blended fuel. Moreover, the increase in total reactivity of evapo-
rative emissions from the ethanol-blended RFG far outweighed the small
decrease in the reactivity of the exhaust emissions described in Finding
8. As a result, it appears that a pet increase in the overall reactivity of
motor-vehicle emissions (exhaust plus evaporative) would result from
the use of ethanol-blended RFG (with an elevated RVP) instead of MTBE-
blended RFG.
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10. REID VAPOR PRESSURE OF ETHANOL-CONTAINING FUEL

On the basis of Finding 9 above, it appears likely that the use of an ethanol-
containing RFG with an RVP that is 1 psi higher than other RFG blends
would be detrimental to air quality in terms of ozone.

This conclusion is consistent with the California Air Resources
Board’s 1998 evaluation that led to its decision against allowing a 1 psi
RVP-waiver for ethanol-containing fuels. However, it should be borne
in mind that (1) the committee’s conclusion is based on tests using
properly functioning motor vehicles and, thus, might or might not have
underestimated the benefits of using ethanol-blended RFG in high-
emitting vehicles; and (2), as discussed earlier, the overall impact on
ozone of allowing the use of ethanol-containing fuel would likely be
quite small in any case.

11. USEOF REACTIVITY TO EVALUATE RFGS

The committee sees no compelling scientific reasons at this time to recom-
mend that fuel certification under the RFG program be evaluated on the
basis of the reactivity of the emission components.

Analyses of available data on emissions from the use of ethanol-
blended RFG and MTBE-blended RFGs showed that mass-emissions
differences between the two fuels varied on occasion from the differ-
ences found by using reactivity as a basis. However, in no case was the

“fundamental conclusion concerning the choice of one fuel over another

on the basis of relative potential air-quality benefits altered by switching
from a mass-emissions metric to a reactivity-weighted metric.

12, MODELS USED TO CHARACTERIZE EMISSIONS
FROM RFG BLENDS

The models currently used to inform regulatory decision making—by
quantifying emissions from motor vehicles that use RFG blends—are prob-
lematic.

The current models are based on regression equations developed
from data obtained from a limited set of tests on a small sampling of
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motor vehicles. Although the Complex and Predicrive models are distinct
from models used to estimate the mobile source inventory, their capabil-
ity of reflecting actual emissions needs to be improved. In some cases,
algorithms used to develop the regression equations for the models
ignore important parameters that can influence emissions. For example,
the Complex Model, developed by EPA, does not account for temperature
variations when calculating evaporative emissions. The Predictive Model,
developed by the California Air Resources Board, excludes consideration
of evaporative emissions. Another potential source of error in both
models arises from their treatment of high-emitting vehicles. As noted
above, a large portion of motor-vehicle emissions come from high-emit-
ting vehicles. However, the emissions from these vehicles are likely to
be quite variable and thus difficult to characterize through sampling a
small subset of the total populatlon

13. OPPORTUNITY TO TRACK EFFECTS OF
PHASE 1l RFG PROGRAM

The scheduled implementation of Phase II of the federal RFG
program in 2000 offers a unique opportunity to track and document the
impact of a new ozone-mitigation program. Plans should be made and
implemented for an atmospheric measurements program to assess the

"impact of Phase Il RFG on (1) emissions of ozone precursors from the
on-road and non-road motor vehicle fleet, as well as ozone-forming
potential of those emissions; and (2) the impact of these changes, if any,
on ambient concentrations of ozone and its precursors.

Introduction

~ PHOTOCHEMICAL SMOG, and its concomitant high concentrations of

ground-levet ozone (O,)} and other noxious compounds, is caused by a
complex series of chemical reactions involving the oxidation of volatile
organic compounds (VOCGCs)! and carbon monoxide (CO) in the presence
of nitrogen oxides (NO,) and sunlight (Figure 1-1). As illustrated in
Figure 1-2, the transportation sector is responsible for a large fraction of
VOC, CO, and NO, emissions in the United States. On-road gasoline-
fueled motor vehicles are estimated to account for about 26% of the VOC
emissions from all source categories, about 56% of the CO emissions,
and about 22% of the NO, emissions in 1997 (EPA 1998). As a result,
motor vehicles have been a primary target for emission controls in the

'An organic compound is a compound containing carbon combined with
atoms of other elements, commonly hydrogen, oxygen, and nitrogen. Simple
carbon-containing compounds such as carbon monoxide (CO) and carbon diox-
ide (CO,) are usually classified as inorganic compounds. A volatile organic
compound (VOC) is an organic compound that exists as a gas under typical
atmospheric conditions. Alarge number of acronyms are used ta denote various
categories of volatile organic compounds; a listing of some of the more common
acronyms and their meanings is presented in Chapter 3. In this report, organic
compounds in the gas phase are referred to as “VOCs” unless noted otherwise.

11
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nation’s strategy for mitigation of the ozone pollution problem.>® As
-part of this effort, the Clean Air Act Amendments of 1990 called for the
development and use of reformulated gasoline (RFG)* in light-duty
motor vehicles to reduce the ozone precursor emissions from those
vehicles.

Through the Clean Air Act Amendments of 1990, Congress man-
dated that RFG contain at least 2.0% oxygen by weight to decrease the
emissions of ozone-precursors and air toxics. To meet that requirement,
RFG blends typically contain small amounts of additives referred to as
oxygenates, which are organic compounds that contain some chemically
bound oxygen. The use of these oxygenates in RFG has given rise to a
complex and often contentious debate concerning the relative benefits
of one oxygenated compound over another (e.g., methyl tertiary-butyl
ether (MTBE) versus ethanol), Oxygenates can affect the amounts and
types of ozone precursors emitted by motor vehicles in different and
potentially offsetting ways. Is oxygenated gasoline preferable from an
air-quality point of view over nonoxygenated gasoline? Is one oxygen-
ated compound clearly preferable from an air-quality point of view over
another? Should some oxygenated additives be allowed to be used in
RFG whereas others should not be allowed? In the traditional approach
to ozone mitigation in the United States, these questions are addressed
in a straightforward and simple manner: the mass of precursor emissions
from the use of various RFG blends in motor vehicles are assessed; and,

EPA estimates that non-road gasoline-fueled motor vehicles account for
about 9% of the VOC emissions from all source categories, abour 19% of the CO
emissions, and about 19% of the NO, emissions in 1997 (EPA 1998). Because
emission test data from non-road vehicles fueled by RFG were not available to
the committee, consideration of such emissions were not inctuded in this study.

*Uncertainties associated with mobile source emission estimates are dis-
cussed in Chapter 4,

*In this report, “RFG” is used in the most generic sense to refer to blends
of gasoline that have been reformulated to change any of a multitude of gaso-
line-blend characteristics {e.g., blend content, oxygen content, sulfur content,
and vapor pressure) and motor-vehicle-emissions characteristics. Such use of
the term “RFG” should not be confused with the more narrow regulatory defini-
tions of RFG as a gasoline blend that is compliant with the specific requirements
of the federal RFG program or the California RFG program. Those regulatory
definitions represent a subset of the range of possible reformulated gasolines.
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if the mass of emissions from a blend exceeds some specified amount, it
is disallowed. In this report, the committee assesses the utility and
accuracy of an alternate approach based on evaluating the ozone-form-
ing potential of ozone-precursor emissions. With such an approach, an
REG blend with a high rate of emissions based on mass might be consid-
ered acceptable if those emissions were of relatively low ozone-forming
potential. It should be noted that this report is limited to the scientific
and technical aspects of this issue; the possible design or implementation
of regulations based on ozone-forming potential are not addressed.

THE OZONE-POLLUTION PROBLEM

For every billion atmospheric molecules, there are, on average, only
about 300 ozone molecules. Despite this minute concentration, atmo-
spheric ozone has a major impact on the environment. In the strato-
sphere, where about 90% of the atmosphere’s ozone resides, it protects
life from harmful ultraviolet radiation from the sun. In the upper part
of the troposphere, ozone is critical to the oxidation process in the
atmosphere by which a wide range of pollutants is removed from the air
we breathe. :
Ground-level ozone (i.e., at the lowest part of the troposphere)
represents a small, but important, component of the total burden of
ozone found in the troposphere. Although ground-level ozone concentra-
tions in remote regions of the atmosphere are about 20 to 40 parts per
billion by volume (ppb), those concentrations often exceed 100 ppb
during episodes of increased air pollution and can rise above 200 ppb
during severe episodes in urban areas.” When ozone concentrations
reach increased levels, they can harm rather than sustain organisms.

*In this report, the abundance or concentration of atmospheric ozone
will be expressed in terms of its volume mixing ratio; that is, the number of
ozone molecules per unit volume of air divided by the total number of atmo-
spheric molecules per unit volume of air. Thus, an ozone concentration of 1 ppb
denotes an ozone abundance of 1 ozone molecule for each billion atmospheric
molecules, and an ozone concentration of 1 ppm (i.e., parts per million by vol-
ume) denotes an ozone abundance of 1 ozone molecule for each million atmo-
spheric molecules, and is equal to 1,000 ppb.
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Adverse effectsinclude impairment of lung function in humans and other
animals, and damage to agricultural crops, forests, and other vegetation.

1t is this aspect of tropospheric ozone, as a ground-level pollutant, that
forms the backdrop for this report.

HISTORY OF U.S. POLICIES TO MITIGATE OZONE POLLUTION

The phenomenon known as photochemical smog was first documented
in the 1940s when air pollutants were found to be causing damage to
vegetable crops grown in the Los Angeles area (Middleton et al. 1950).
Soon after, Haagen-Smit and others showed that ozone was the primary
oxidant in photochemical smog causing crop damage and that it was
produced by photochemical reactions requiring the participation of two
types of precursors: VOCs and NO, (Haagen-Smit et al. 1951, 1953;
Haagen-Smit 1952; Haagen-Smit and Fox 1954, 1955, 1956).
Subsequent observations revealed that photochemical smog and the
concomitant high concentrations of ground-level ozone that accompa-
nied the smog were not unique to Los Angeles but were common to most
of the major metropolitan areas of the United States and elsewhere in
the world. Those observations, along with medical and epidemiological
studies documenting the adverse health effects of ozone at concentra-
tions encountered during air-pollution episodes, provided the impetus for
the promulgation of regulations designed to control or even eliminate
the problem. Passage of the Clean Air Act of 1970 (Public Law 91-604)
established National Ambient Air Quality Standards (NAAQS) for ozone
and other criteria pollutants as well as a federally coordinated program
to reach attainment of these standards within specific deadlines. With
the persistence of the ozone problem, ever more stringent and costly air-
pollution controls were promulgated by the Clean Air Act Amendments
of 1977 (Public Law 95095) and 1990 (see Table 1-1). ‘
In retrospect, it appears that the ozone mitigation policies our
nation has embarked upon over the past 3 decades have had a positive
impact. On average, peak ozone concentrations in urban areas of the
United States appear to be on a downward trend (Figure 1-3) and the
problem would undoubtedly be considerably more severe if controls had
not been implemented (see e.g., Harley et al. 1997). The U.S. Environ-
mental Protection Agency (EPA) reports that ozone concentrations
decreased for the I-hr and 8-hr averaging times (shown in Figure 1-3)
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TapLE 1-1  Milesiones in Ozone Poflution and its Control in the United States
Year Milesione MNotes

1840s (Ozone molecule discovered Schoenbein 1840

18505 Ozone presence in aitmosphere documented Schoenbein 1854

1874 Ozone shown to be toxic to animals Andrews 1874

1940s Photochemical smog found to be causing crop Middleton 1950
damage

19505 QOzone found to be major oxidant in photochemical Haagen-Smit
smog VOC's and NO, shown to be ozone 1952

photochemical precursors

1961 Basic science of ozone pollution documented in
manograph

1970 Clean Air Act of 1970 {CAA-70) establishes national
program for the mitigation of ozone pollution in the
United States. Sets 1975 as deadline for attainment
of NAAQS

1975 CAA-70 atiainment deadline not met

1977  Clean Air Act Amendments of 1977 (CAAA-77)
establishes 1982 and 1987 as new deadlines for
attainment

1987 CAAA-77 attainment deadlines still not met

1990  Clean Air Act Amendments of 1990 establishes new
attainment deadlines extending into the 21st century
and authorizes implementation of a reformulated
gasoline program

1897  Mew 8-hr, 80-ppb NAAQS for ozone promulgated

Leighton 1961

EPA 1997a

on average by about 1% per year from 1986 to 1997 (EPA 1998). Onthe
other hand, the problem remains far from solved. In 1997, about 48
million people lived in 77 counties where ozoneconcentrations exceeded
the second daily maximum 0.12-ppm, 1-hr NAAQS for ozone (EPA
1998). Of the 29 urban areas required by the Clean Air Act Amendments
of 1990 to submit State Implementation Plans, 27 were unable to submit
plans that showed attainment by the mandated date of 1998. Moreover,
the promulgation of a new 8-hr, 80-ppb NAAQS for ozone in 1997 is
expected to approximately triple the number of non-attainment counties
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FIGURE 1-3 Comparison of actual (dotied lines) and meteorologically adjusted (solid

{ines) ozone trends in 1-hr and 8-hr 99th percentile ozone concentrations for the

period of 1986-1997 across 41 metropolitan areas. Source: Adapied from EPA
1998.

and lead to widespread non-attainment in rural as well as urban areas
of the eastern United States (Wolff 1996; Chameides et al. 1997). With
the persistence of the ozone-pollution problem comes the need to de-
velop new and innovative approaches to lowering ozone-precursor
emissions. The federal RFG program is but one example of a new ap-
proach that is being promulgated to address this need.

In the formulation and testing of various blends of RFG, it became
apparent that these blends could affect motor-vehicle emissions in
various and subtle ways (AQIRP 1990; OTA 1990). In addition to affect-
ing the total mass of VOC emissions, different RFGs could have different
effects on the amounts of NO, and CO emitted by motor vehicles. They
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could also affect the relative amounts of evaporative and exhaust emis-
sions from motor vehicles and thus the chemical composition of the
VOCs emitted by these vehicles. Controversy arose over whether the
nation’s traditional approach to assessing emissions, based on the mass
of VOC emitted, was adequate to assess and regulate various RFG blends.
With the use of ethancl as an oxygenated additive, such regulation
proved to be especially contentious (e.g., EPA 1994). When compared
with typical RFG blends using MTBE, blends using ethanol tend to have
more evaporative VOC emissions but, it was argued, with a lower net
ozone-forming potential. Accordingly, Senator Richard G. Lugar sug-
gested that EPA establish a procedure to certify ethanol blends of RFG as
equivalent to nonethanol blends based on ozone-forming potential (see
Appendix B, letter from Senator Richard G. Lugar dated October 17,
1995). EPA has not done so because it was unsure that there was an
appropriate method for making such an assessment. Instead, EPA has
commissioned this repori to address the scientific and technical bases for
such an assessment.

CHARGE TO NATIONAL RESEARCH COUNCIL COMMITTEE

Does RFG with ethanol as the oxygenate result in vehicular emissions
with a lower ozone-forming potential than a blend with MTBE? Cana
metric based on ozone-forming potential be reliably and robustly used
to quantify the relative impacts of different RFG blends with different
oxygenates on ozone pollution in the United States? As outlined above,
these are the questions that motivated the formation of the National
Research Council Committee on Ozone-Forming Potential of Reformu-
lated Gasoline and this report. More specifically, the committee was
given the task to assess whether the existing body of scientific and
technical information is sufficient to permit a robust evaluation and
comparison of the emissions from motor vehicles using different RFG
blends based on their relative ozone-forming potentials; and the concom-
itant impact on air-quality benefits of the RFG program. The committee
was asked to focus its assessment on the use of oxygenates in RFG, with
specific attention to RFG blends using MTBE and ethanol.

The committee was asked to address the following specific issues:

1.  Assessment of the technical soundness of various approaches
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for evaluating and comparing the relative ozone-forming potentials of
RFGs. Two prominent methods for assessing relative ozone impacts
include relative reactivity factors and grid-based airshed models. Deter-
mine whether there is sound scientific basis for the use of reactivity
factors, models, and/or any other approach(es) for evaluating the ozone-
forming potential of RFGs in a nationwide program.

2. Assessment of technical aspects of various air-quality issues
when evaluating the relative ozone-forming potentials of RFGs. Air-
quality issues to be considered include assessment of the ozone-forming
potentials of RFGs for both peak (1-hr) and average (8-hr) ozone levels,
inclusion or exclusion of CO as an ozone precursor, and consideration of
changes in NO, emissions and the corresponding impact on ozone levels
resulting from the use of different levels and/or types of oxygenates or
other fuel composition changes.

3. Assessment of the sensitivity of evaluations of the relative
ozone-forming potentials of RFGs to factors related to fuel properties and
the variability of vehicle technologies and driving patterns. Factors to be
considered include assessment of effects of the fuel blending method
(i.e., splash blending versus match blending), “distillation impact”
and/or the “commingling effect,” variability in fuel composition, engine
operating conditions as they pertain to emissions, and changes in the
exhaust-to-evaporative emissions ratio.®

The committee was asked to identify any gaps in the existing scien-
tific and technical information, recommend how such gaps might be

S«gplash blending” refers to a method of oxygenating gasoline by adding
an oxygenate to the gasoline blend stock without any systematic control over the
resulting Reid Vapor Pressure (RVP) of the RFG. (RVP is the constrained vapor
pressure of the fuel ar 100 degrees Fahrenheit.) When ethanol is splash blended.
into gasoline, the RVP of the finished blend couid increase by 1 pound per
square inch (psi} or more above the applicable RVP limit, “Match blending”
refers to the preparation of an RFG blend with systematic control aver the re-
sulting RFG such that the finished blend meets the RVP standard for the appro-
priate RFG blend. “Distillation impact” refers to the possible effect of oxygen-
ates on the volatility of RFG blends at temperatures greater than 100°F, which
can occur in a vehicle’s fuel tank. “Commingling effect’ refers to an increase in
the resulting vapor pressure when an ethanol-blended RFG is mixed with a
non-ethanol blended RFG in a vehicle’s fuel tank. The increase in vapor pressure
of the mixture is beyond that of either of the separate blends.
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filled, and identify the types of emission data that would be needed to
continuously evaluate the ozone-forming potential of emissions from
vehicles using RFG.

It is important to note that the committee was not asked to consider
other issues related to the choice and use of various blends of RFG.
Therefore, the committee has not addressed issues such as balance of
trade, energy and cost requirements for fuel production, doestic
sources of fuel versus foreign sources, human health and global environ-
mental impacts, and use of renewable fuels versus nonrenewable fuels.
In addition, it should be noted that this report is limited to the scientific
and technical aspects of this issue; the possible design or implementation
of regulations based on ozone-forming potential are not within the scope
of this study. '

REPORT STRUCTURE

In response to its charge, the committee’s report addresses (1) how the
ozone-forming potential of emissions from light-duty motor vehicles
might be affected by the use of RFG blends with and without various
types and concentrations of oxygenates; and (2) the extent to which
current scientific and technical understanding and information are
adequate to quantify these effects robustly. Although the focus is on the
impacts of RFGs on ground-level ozone conicentrations, RFG and the
oxygenates added to these gasolines can also have impacts on other air-
quality issues (e.g., toxics, carbon monoxide, and particulate matter);
these other impacts are mentioned when they are relevant or potentially
significant.

To provide a technical foundation for the assessment, the report
provides overviews of the photochemistry of ozone, the concept of
atmospheric reactivity and ozone-forming potential, motor vehicles as a
source of ozone precursors, and RFGs in Chapters 2, 3, 4, and 5, respec-
tively. In Chapter 6, the report assesses the likely magnitude of the air-
quality benefits of the federal and California RFG programs (in total)
based on observations. Chapter 6 also outlines the characteristics of a
measurements program that could more robustly quantify the air-quality
benefits and the changes in the ozone-forming potential of vehicular
emissions arising from Phase H of the federal RFG program. The cominit-
tee’s assessment of RFG’s overall impact on ozone serves as a calibration
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point for the discussion in Chapter 7, which focuses on eight specific RFG
blends to illustrate the methodology of, as well as the advantages and
problems associated with, using ozone-forming potential to evaluate the
relative impacts of these blends. Appendix A contains biographical
information on the committee. Appendix B contains a letter from Sena-
tor Richard G. Lugar suggesting that EPA establish a procedure to certify
ethano! blends of RFG as equivalent to methanol blends based on ozone-
forming potential. Appendix C presents the equarion set for EPA’s
Complex Model of Phase II of the federal RFG program, and Appendix
D presents motor-vehicle-emissions data evaluated by the committee.

2

Ozone Photochemistry

MITIGATION OF THE ozone-pollution problem is complicated by the fact
that ozone (0O,) is a secondary pollutant; that is, it is not emitted directly
into the atmosphere, but is produced by photochemical reactions involv-
ing primary pollutants and modulated by meteorological conditions. The
problem is further confounded by the complex nature of the photochemi-
cal mechanism responsible for producing ozone and the intricate array
of precursors that can participate in this photochemical mechanism.
These complexities are briefly reviewed in this chapter.

VOC LIMITATION VS NO, LIMITATION

As noted in Chapter 1, ozone is formed by chemical reactions involving
volatile organic compounds (VOCs) and carbon monoxide (CO) in the
presence of nitrogen oxides (NO,) and sunlight. One might expect,
therefore, that the severity of ozone pollution in a given region can be
reduced by lowering the emissions of VOCs, CO, NO,, or any combina-
tion thereof. However, mitigation of ozone pollution is not so straight-
forward. It turns out that the rate of ozone formation is a complex and
variable function of the concentrations of VOC and NQ, as well as meteo-
rological conditions. As a result, establishing the relative benefits of VOC
and NO, emissions controls can be a difficult and challenging task. The
source of the complexity can be elucidated through an examination of

23
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Figure 2-1, which is a schematic of the photochemical smog mechanism.
Ozone production occurs as a result of a series of reactions initiated by
the oxidation of VOCs or CO by the hydroxyl radical (OH). For example,

RH + OH-R + H,0 (2-1)
R+0,+M-RO,+M (2-2)
RO, + NO - RO + NO, (2-3)
RO + O, - HO, + carbonyl (2-4)
HO, + NO ~ OH + NO, (2-5)
2x (NO, + hv - NO + 0) (2-6)
2x(0+ 0, + M~ 0, + M) (2-7)
RH + 40, + 2 hv~ 20, + Carbonyl + H,0 NET

where RH represents a generic hydrocarbon (or VOC), Ris a hydrocarbon

OH VOC N
Production Source Source

VCOOC % {} /'
S ey

HO;, O,

O,

t 4

RO, NG, | /™ I\lo"
RO, /YOC-Limited \_Os
; ; ' NO
(o g 7 o, |
2 NO, N,O, NO,
NO, Limited <} / ‘
* \ NO, Particutates l Y
N
HO. | [onee] | CO:

FIGURE 2-1 Schematic of the photochemical pathways leading to the production of

ozone and the termination steps that dominate under NO_limited and VOC-limited’
regimes.
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radical (e.g., CH,CH, for RH = ethane), M is a nonreactive, energy-
absorbing third body (N,, O,), and hv represents energy from solar
radiation (it is the product of Planck’s constant h, and the frequency, v,
of the electromagnetic wave of solar radiation). Of note in this sequence
is that VOCs are consumed, whereas both OH/HO, and NO, act as
catalysts. Moreover, the by-product labeled “carbonyl” is itself a VOC
and can, in general, react and produce additional ozone molecules. Itis
important to note that although OH is removed in Reaction 2-1, it is
regenerated in Reaction 2-5.

Termination of the above ozone-generating cycle occurs when the
catalysts are removed. Two important paths are

HO, + HO, + M ~ H,0, + O, + M, or
OH + NO, + M - HNO, + M

(2-8)
(2-9)

In general, the rate of ozone production can be limited by either
VOCs or NO,. The existence of these two opposing regimes, often sche-
matically represented in a so-called EKMA (Empirical Kinetic Modeling
Approach) diagram (Figure 2-2), can be mechanistically understood in
terms of the relative sources of OH and NO, (Kleinman 1994, in press).
When the rate of OH production is greater than the rate of production of
NO,, termination of the reaction chain that produces ozone is dominated
by Reaction 2-8 (see Figure 2-1). Under these conditions, NO_is in short
supply; as a result, the rate of ozone production is NO,-limited (i.e.,
ozone is most effectively reduced by lowering NO,). Therefore, ozone
concentrations are most effectively reduced by lowering NO,_emissions,
and subsequent concentrations of NO,, instead of lowering emissions of
VOCGs. When the rate of OH production is less than the rate of produc-
tion of NO,, on the other hand, termination of the ozone-forming chain
proceeds predominately via Reaction 2-9 (see Figure 2-1), NO, is rela-
tively abundant, and ozone production is VOC-limited (i.e., ozone is
most effectively reduced by lowering VOCs). Because this region is
characterized by rapid loss of OH via Reaction 2-9, it is also referred to
as being the radical-limited regime. Finally, between these two extremes
(i.e., the NO,- and VOC-limited regions) lies a transitional region, some-
times referred to as the ridge in an EKMA diagram. In this transitional
region, ozone is about equally sensitive to VOCs and NQ,, but, compared
within its sensitivity to VOCs in the VOC-limited region and its sensitivity
to NO, in the NO,-limited region, ozone is relatively insensitive to both.
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FIGURE 2-2 Typicat EKMA {Empirical Kinetic Modeling Approach) diagram showing
contours (or isopleths} of 1-hr maximum ozone concentrations (in parts per million
by volume (ppm)}) calculated as a function of initial VOC and NO, concentrations and
the regions of the diagram that are characterized by VOC limitation or NO, limitation.
“OH production” refers to the rate of OH photochemical production and “NO,
source” refers to the rate at which NO, is emitted into the boundary layer.

A further complication arises from the fact that VOC and NO,
limitation is not uniquely defined by location or emissions. Instead, itis
a chemical characteristic of an air parcel that varies dynamically with
transport, dispersion, dilution, and photochemical aging. For example,
consider the results of a series of photochemical box model calculations
illustrated in Figure 2-3. In each calculation, a boundary-layer air parcet
was assumed to have initial VOC and NO, concentrations at 0800 hr and
then allowed to react over the course of a single day while mixing with
relatively clean air from aloft at varying rates. For simplicity, processes
such as surface deposition and horizontal dispersion are not included.
Although these simulations greatly simplify the photochemical smog
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FIGURE 2-3 Model-calculated evalution of ozone as a function of time in an air parcel
for various initial urbanike mixtures of VOCs and NO, at 0800 hr under suminertime
conditions and three rates of vertical mixing and free tropospheric entrainment. For
each mixing rate, simulations for three initial VOC and NO, concentrations are
presented: “Base” with initial VOC = 0.15 ppm and NO, = 1.5 ppm; “VOC/2" with
initial VOC = 0.75 and NO, = 0.15 ppm; and “NO,/2" with initial NO, = 0.075 and
VOC = 1.5 ppm. Note the characteristic tendency for the system to evolve from VOC
limitation to NO, limitation with time and for the point of transition to be delayed as
mixing decreases. Also note that varying the initial cenditions of eiiher precursor in
EXMA implicitly changes the emissions after 0800 hr by the same percentage.
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phenomenon, they nevertheless capture much of the essence of the
relationship between ozone and its precursors and are, therefore, useful
to illustrate some key points.

In the first example (Figure 2-3A), a moderate amount of vertical
mixing during a typical summer day is assumed. For these conditions
and the high initial concentrations of VOCs and NO, adopted for the Base
case, the model predicts a rapid rise in ozone reaching a peak of about
130 ppb around mid-afternoon—an ozone variation that is characteristic
of many moderate urban air-pollution episodes in the United States. (If
the effects of dispersion and surface deposition are included, the peak
concentration would have been somewhat depressed and the decay
following the peak more pronounced.)

A key feature of the results illustrated in Figure 2-3A is the varying
response of ozone to assumed decreases in the initial concentrations and
emissions of VOCs and NO,. Because of the nature of urban VOC and
NO, emissions, air parcels exposed to these emissions are usually initially
within the VOC-limited regime. Thus, in Figure 2.3A, halving the initial
VOC concentration is much more effective in reducing ozone than halv-
ing NO, during the first ~5 hr of this particular simulation. In fact,
during the first few hours of the simulation an “NO, disbenefit” appears,
that is, an increase in ozone results from a decrease in NO,. This effect
is caused by the conversion of more NO to NO,, and by an increase in the
fraction of OH radicals which react with VOCs (and thereby leading to
RO, and HO, radicals, which convert NO to NO,) compared with reaction
with NO,. For these conditions, a decrease in NO, leads to more OH,
more oxidation of VOCs (e.g., via Reaction 2-1), and thus an ozone
increase.

Because NO, is processed and removed rapidly, the NO, disbenefit
tends to be fairly short-lived. Moreover, as NO, concentrations continue
to fall, the air parcel begins to move from VOC limitation to the transi-
tional region and often reaches NQ, limitation within many areas of the
country. For the conditions adopted in the simulation illustrated in
Figure 2-3A, ozone is more effectively reduced by halving NO, than by
halving VOCs after about 1400 hr. Another important feature of the
calculations illustrated in Figure 2-34A, which is also characteristic of the
photochemical smog system in general, is that the peak ozone concentra-
- tion is reached when the air parcel is in the transitional region between
VOC limitation and NO, limitation. The formation of organic nitrates
(including peroxyacety! nitrate (PAN)) also affects ozone formation by
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removing NO, from the system which would otherwise lead to ozone
formations. Depending on the temperature, PAN formation can lead to
a temporary reduction in ozone formation.

Other processes can further complicate and confound the relation-
ship between ozone and its precursors. One of these is vertical mixing.
As llustrated in Figure 2-4, vertical mixing has a direct inpact on ozone
concentrations: in the early morning hours it tends to contribute paosi-
tively to ozone accumnulation by bringing ozone-rich air from aloft into
the boundary (or surface) layer, but in late morning and afternoon it
tends to depress ozone by diluting surface air now laden with newly
formed ozone with air from aloft. As a resul, as the amount of mixing
decreases and stagnation sets in, the severity of air-pollution episodes is
exacerbated. That is illustrated in Figures 2-3B and 2-3C, in which
higher peak ozone concentrations are generated as less vertical mixing
and more stagnation oceur. However, vertical mixing has another indi-
rect, but still very important, effect on ozone. In addition to depressing
peak ozone, vertical mixing also tends to depress NO, concentrations in
the polluted boundary layer by diluting it with cleaner air from aloft.
For this reason, stagnation tends to slow the rate of transition from VOC
limitation to NO, limitation. If vertical mixing is extremely weak (i.e.,
conditions assumed for Figure 2-3C), the sun might set before NO, is
sufficiently processed to allow the parcel to make the transition from
VOC limitation. Thus, the efficacy of VOC and NO, controls is, in gen-
eral, critically dependent upon the meteorological as well as the chemical
conditions that prevail during any given episode.

The distribution of NO, emissions can also affect where and if air

- parcels within a given airshed make the transition from VOC limitation.

Like stagnation, the presence of dispersed NO, sources in a large metro-
politan area or megalopolis can lead to high NO, concentrations through-
out an area, fostering continuous VOC limitation.

REACTION PATHWAYS OF ETHANOL AND
METHYL TERTIARY-BUTYL ETHER

For both methy! tertiary-butyl ether (MTBE) and ethanol, the important
atmospheric loss processes are by reaction with the OH radical. Reaction
of ethanol with the OH radical leads to the formation of acetaldehyde
(CH,CHO) in 100% or close to 100% yield (Atkinson 1994; Atkinson in
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FIGURE 2-4 The relative contributions of vertical mixing and chemical production
processes to the ground-level ozone concentration as a function of time during the
day based on a one-dimensional model. No deposition processes are included in this
simulation. The left scale is for the rate of change in ppb/hr and the right is for the
ozone concentration in ppb. Source: Adapted from Zhang and Rao (In Press).

press), with the major reaction pathway (~90% of the overall OH radical
reaction) proceeding by

OH + CH,CH,0H - H,0 + CH,CHOH

. (2-10)
CH,CHOH + 0, - CH,CHO + HO,

(2-11)

For MTBE, the products of the OH radical reaction in the presence
of NO are tert-butyl formate ((CH,),COCHO), ~75%; formaldehyde,
~45%; methyl acetate (CH,C{(O)OCH,), ~15%; and acetone, ~3% {see
Atkinson 1994, and references therein). tert-Butyl formate reacts only
slowly with the OH radical, with a half-life due to gas-phase reaction

L
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with the OH radical of around 11 days for a 24-hr average OH radical
concentration of 1 X 10° moleculesscm™. Wet and dry deposition of tert-
butyl formate may also be important.

SUMMARY

To the extent that these calculations can be generalized to represent the
evolution of a plume as it advects from an urban center (or other concen-
trated sources of anthropogenic emissions of VOC and NO,) to suburban
and then rural areas (with time essentially representing distance from an
urban core), they suggest that: (1) in isolated large urban cores and
similar source regions, ozone concentrations during severe air-poliution
episodes are most effectively reduced by reductions in VOC emissions
and might even increase as a result of NO_-emission controls; (2) ozone
concentrations in rural areas and over large regional expanses are most
effectively reduced by reductions in NO, emissions from the pollution
sources that affect that area or region (e.g., upwind urban sources and
important local sources); and (3) the highest ozone concentrations
during an episode generally occur in locations somewhat removed from
the major precursor source areas (i.e., suburban areas) and tend to occur
when the chemistry of the system is in a transitional stage between VOC
limitation and NO, limitation. 'Where the peak ozone concentration will
occur during any given episode and whether it will occur when the
chemistry is, in fact, transitional or is VOC-limited are determined by
myriad factors including the meteorological conditions and distributions
as well as intensities of emissions.

The fact that ozone formation can vary from VOC limitation to NO,
limitation is highly germane to the topic of this report. As discussed in
more detail in Chapter 3, ozone-forming potential has historically been
used to characterize the ability of VOCs to produce ozone. Thus the
relevance of using existing methods to assess the ozone-forming poten-
tia! of various reformulated gasoline blends wilt be largely limited to
those areas and episodes characterized by VOC limitation (or at least
transitional chemistry).

A further complication in assessing the efficacy of emission controls
for VOC and NO, arises from the fact that VOCs comprise a rich and
varied assortment of compounds. Two principal VOC categories are those
that arise from anthropogenic sources and those that arise from natural

_ or biogenic sources (e.g., isoprene from trees and other vegetation).
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Natural VOCs can participate in the photochemical reactions that pro-
duce ozone, but they cannot, in principle, be directly controlled like
those from anthropogenic sources. In regions where natural VOCs
represent a significant fraction of the total reactive VOCs, NO_ controls
might be needed to reduce ozone substantially even if the oxidant chem-
istry is VOC-limited. :
Moreover, the compounds that make up the general category of
anthropogenic VOCs can be quite varied with widely different chemical

characteristics and reactivities that lead to different rates of ozone -

formation. Thus, ton-for-ton, the reduction in the emissions of one VOC
might lead to more or less reduction in ozone than the reduction of
another VOC. The concept of ozone-forming potential, discussed in the
next chapter, attempts to account for the differing chemical characteris-
tics of VOCs as they relate to ozone photochemical production.

el s

3

The Concept of Ozone-Forming
Potential and Its Quantification

1N ANY GIVEN AIRSHED, it is common to find hundreds of different VOC

- gpecies, each with its own unique chemistry. In the simplest approach

to ozone mitigation based on VOC controls, emission reductions are
implemented on a mass basis without any regard to the unique chemistry
of each of the VOCs. The principle behind ozone-forming potential or
reactivity' is the notion that, in addition to the amount of a specific VOC
species emitted into a given airshed, the difference in the chemistry of
each of the VOCs needs to be considered when assessing the impact of
those species on ozone formation.

The utility of the concept of ozone-forming potential can be illus-
trated through a comparison of the impacts on ozone concentrations in
an urban airshed of two ubiquitous VOC species: ethane and propene.

'Recause ozone-forming potential of a given VOC is dependent upon its
propensity to react in the atmosphere, the term “reactivity” is often used to
denote a species’ ozone-forming potential. As discussed later in this chapter,
terms such as kinetic reactivity (KR) and mechanistic reactivitcy (MR) are used
to define specific processes that contribute to a species ozone-forming potential,
whereas terms such as maximum incremental reactivity (MIR) are used to

“specify the method for caleulating a species’ ozone-forming potential.

33
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If one were to increase the total mass of VOC emissions in a city, such as
Los Angeles, by 20% through additional emissions of ethane, ozone
levels would increase slightly. However, if the same amount of propene
were added instead, there would be a }arge increase in ozone. Why the
big difference between the two, given that both are rather simple hydro-
carbons? The primary cause of the difference is the differing rates at
which these two species react in the atmosphere. Ethane has an atmo-
spheric lifetime of weeks. Little of the ethane emitted in an urban area
reacts within that area before it is transported away. Its contribution to
ozone formation within the urban area is therefore very small. Propene,
on the other hand, has a lifetime of hours. Most of it will typically react
near its source and thus be able to contribute to the photochemical
production of ozone in the area in which it is emitted (or immediately
downwind). A secondary, but smaller, cause for the differing impacts of
the two species is the different number of ozone molecules formed in
that environment for each molecule of ethane and propene that reacts.
Differences in ozone productivity arising from the first effect are often
expressed in terms of the kinetic reactivity (KR), and differences from the
second are expressed in terms of the mechanistic reactivity (MR).

REGULATORY APPLICATION OF
VOC OZONE-FORMING POTENTIAL

There is, in fact, a significant historical precedent for accounting for VOC
reactivity in U.S. regulatory policy, albeit to a limited extent (see Dimitri-
ades 1996, for a history of VOC regulation in the United States). During
the early years of ozone mitigation, it was recognized that there were
some organics, for example ethane, that did not contribute significantly
to smog formation on urban scales, whereas others, such as propene, did.
Thus, two categories of organic gases were defined for regulatory pur-
poses: unreactive and reactive® (see Table 3-1). However, the term

*Reactive VOCs are operationally designated as reactive organic gases
(ROG). However, because hydrocarbons make up most of the organic gas
emissions, this category is also referred to as reactive hydrocarbons (RHC).
Moreover, because methane dominates the unreactive category, nonmethane
hydrocarbons or NMHC is another term that is often used. These and other
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TABLE 3-1 Acronyms and Names Used for Classifying Organic Compounds
Common

Abbreviation Full Name Definition
voc? Volatile organic QOrganic compounds that are found in the gas
compound phase at ambient conditions. Might not in-
clude methane.
ROG Reactive organic  Organic compounds that are assumed to be
gas reactive at urban (and possibly regional)

scales. Definitionally, taken as those arganic
compounds that are regulated because they
lead to ozene formation. The term is
predominantly used in California.

NMHC Nonmethane All hydrocarbons except methane; sometimes
hydrocarbon used to denote ROG

NMOC Nonmethane Organic compounds other than methane
organic compound

NMOG Nonmethane Organic gases other than methane
organic gas

RHC Reactive All reactive hydrocarbons; also used to denote
hydrocarbon ROG

THC Total hydrocarbon  All hydrocarhons, semetimes used to denote

voc

OMHCE Organic material  Organic compound mass minus hetero-atom
hydrocarbon mass (i.e., carbon plus hydrogen mass only)
equivalent

TOG Total organic gas  Total gaseous organic compounds, including

methane. Used interchangeably with VOC
*Uniess noted otherwise, VOCs is the term used in this report to represent the
general class of gaseous organic compounds.
Source: U.S. Environmental Protection Agency at
hitp:/ /www.epa.gov/docs/QCEPAterms.7

unreactive is a misnomer, because even compounds such as ethane and
methane do react and contribute to tropospheric ozone formation,

terms are listed in Table 3-1. Unless noted otherwise, VOCs is the term used in
this report to represent the general class of gaseous organic compounds.
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though at much lower rates, on a per mass basis, than other compounds.
Such low-reactivity compounds, particularly carbon monoxide (CO) and
methane, do contribute to ozone formation, because emission rates of
those compounds are very large. (The contribution of CO to ozone-
forming potential is discussed further in Chapters 6 and 7.)

A compilication in this two-category approach is deciding where to
place the dividing line between unreactive and reactive VOCs. Some-
what arbitrarily, that dividing line has been chosen to be at the level of
reactivity of ethane. In the United States, but outside of California,
species with reactivities equal to or less than that of ethane are placed in
the unreactive category.

California has been a leading force in the application of reactivity
assessment to ozone mitigation efforts. For example, California uses
ozone-forming potential in its Low Emission Vehicles and Clean Fuels
Program (LEV/CF) to adjust and regulate the amount of emissions from
vehicles {CARB 1991). A fuel with higher VOC emissions, but a lower
net reactivity than the reference fuel, is permitted in the program, thus
providing an incentive to develop fuels with less-reactive emissions.
(The current CARB program is limited, however, to exhaust emissions,
and, as discussed in Chapter 4, evaporative emissions can be quite
important.) The use of reactivity in California’s regulatory air-quality
programs has been a major catalyst for continuing research on ozone-
forming potential and its application to policy-making. As the under-
standing of how to define ozone-forming potential operationally has
grown substantially in recent years, the use of ozone-forming potential
to other regulatory issues (e.g., emissions from consumer products) is
now under consideration.

OPERATIONAL DEFINITION OF OZONE-FORMING
POTENTIAL USING REACTIVITY

The photochemical degradation of most VOC species is initiated by
reaction with the OHradical (i.e., Reaction 2.1 in Chapter 2). Therefore,
for most VOCs, the KR of a specific VOC is greater if its OH-radical
reaction rate constant is greater. As seen in Table 3-2, these rate con-
stants can vary by many orders of magnitude. A relatively simple type
of reactivity scale, sometimes referred to as the OH-reactivity or the k.,
scale, expresses the relative contribution of VOCs in terms of their rates
of reaction with OH (e.g., Darnall et al. 1976; Chameides et al. 1992).
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TaBLE3-2 OH Rate Constants (ky,) and Maximum Incremental Reactivity {MIR)* for
Selected Compounds

102 % kg, ® MIR ©
Compound (cm*molecule! 51) 0, formed/g VOC emitted®
Carbon monoxide 0.21 0.065
Methane 0.0062 0.016
Ethane 0.25 0.32
Propane 11 0.57
mBuiane 2.4 1.18
nOctane 8.7 0.69
2,2 A-Trimethylpentane 3.6 1.34
Ethene 8.5 8.3
Propene 26 11.0
Irans-2-Butene 64 13.2
Isoprene 101 9.3
«-Pinene 54 39
Benzene 1.2 0.81
Toluene 6.0 5.1
mXytene 24 14.2
1,2 A Trimeihylbenzene 32 53
oCresol 42 25
Formaldehyde 9.4 6.6
Acetaldehyde 16 6.3
Acetone 0.22 0.49
.2-Butanone 1.1 1.4
Methanol 0.94 0.65
Ethanol 3.3 1.7
Methyl tert-butyl elther 2.9 0.73
Ethyl tert-butyi ether 8.8 2.2
tert-Butyl formate 0.75 No value cited

*MIR combines kinelic and mechanistic reactivities of a specied compound for
conditions that maximize the predicted reactivity of VOCs by making the reactive
systems very NO, rich.

®Rate constants at 298 K are taken from Atkinson (1994, 1997) and Le Calve
et al. (1997)

*From Carter (1997}, hitp://www.cert.ucr.edu/ ~ carter/bycarter.htm. The MIR

of the assumed urban mix used in the calculations was 4.06 g of O, per gram of VOC
emitted.
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This approach has some significant advantages. OH-rate constants for
a large number of VOCs have already been well characterized by labora-
tory experiments, and many others can be estimated with a fair degree
of reliability (e.g., Kwok and Atkinson 1995; Atkinson in press). Maore-
over, these constants are defined by the VOC species themselves and not
the environment in which the VOCs are emitted (other than minor
temperature dependencies). Thus, the OH reactivities for a wide range
of VOC species can be readily calculated and compared. Combining
these OH reactivities with data on the ambient concentrations of these
VOCs provides a measure of the rate at which the various VOC species
are oxidized and produce peroxy radicals (e.g., via Reaction 2-2 and
Reaction 2-4 in Chapter 2), and thus provides a rough estimate of their
relative potential roles in ozone-formation (Chameides et al. 1992).
There are, however, significant limitations to using the OH-reactiv-
ity scale to characterize the roles of VOCs: The method does not account
for the potentially different yields of peroxy radicals formed from differ-
ent VOCs, the different reactive pathways these peroxy radicals can take
once they are produced, and the varying tendency of VOCs to enhance
or inhibit radical levels, and thus influence the contribution of other VOC
species to ozone formation. All of these factors can have a significant
effect on the amount of ozone formed from the oxidation of a VOC
(Carter and Atkinson 1989; Bowman and Seinfeld 1994; Carter 1994).
For this reason, the OH-reactivity scale does not always correlate well
with other measures of ozone-forming potential, particularly for the
more rapidly reacting VOCs (e.g., Dodge 1984; Bergin et al. 1998a). For
example, aromatics, which have strong NO, sinks and radical sources in
their mechanisms, can have relatively high reactivities under conditions
with low ratios of VOC to NO,, but negative values of reactivities when
the VOC to NO, ratio is sufficiently high, because NO,, which (as NO,)
would otherwise photolyze to form ozone, is removed from the system.
MR is used to account for this second influence on the ozone-form-
ing potential of VOCs (Carter and Atkinson 1989). In general, the
variability in mechanistic reactivities is substantially less pronounced
than that of kinetic reactivities, and thus the species-to-species variability

of reactivity scales that combine KR and MR tend to follow the variability

in KR but not exactly (see Table 3-2).

If KR is defined as the number of molecules of a specific VOC that
react within a given airshed (by photolysis, reaction with the OH radical,
reaction with NO, radical, or reaction with ozone) and MR is the number
of ozone molecules that are formed for each VOC melecule in the system
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that reacts, the total number of ozone molecules formed from a given
VOC molecule is equivalent to the product of the two quantities, that is,

Ozone-forming potential = KR X MR (3-1)

This way of dissecting the ozone-forming potential of a compound,
although remarkably simple, is also quite powerful and instructive.
However, it also has its litnitations. For example, neither KR nor MR is
a property inherent in a compound. Instead, both are dependent upon
the protocol established to calculate them (e.g., the type of environments
in which the VOC exists and the length of time used to assess the amount
of the VOC that reacts and the ozone that is formed). Thus, the use of
the relationship expressed in Equation 3-1 requires an operational defini-
tion for quantifying reactivities.

QUANTIFYING OZONE-FORMING POTENTIAL
USING REACTIVITY

If ozone-forming potential is to be used in ozone mitigation programs,
it is necessary to develop an operational definition for ozone-forming
potential, and a protocol for quantifying it. One such definition is the
incremental reactivity (IR) proposed by Carter and Atkinson (1989) and
Carter {1994). 1R is defined as the number of additional grams of ozone
formed per gram of VOC compound added to a base mixture (the VOC
compound could be present in the base mixture):

IR, = A[O,]/A[VOC,) (3-2)

where IR, is the incremental reactivity of species i; A[Q,] is the change
in some ozone metric used to assess the impact of VOCs on air quality
(e.g., the 1-hr peak or 8-hr averaged ozone concentration in an airshed)
or the total human exposure to ozone above some threshold concenira-
tion); and A{VOC,] represents a change in the emissions of species i

®Another scale, developed by Derwent and Hov (1979), is the photochemi-
cal ozone creation potential (POCP) scale. It is used 1o quantify the ozone-
forming potential of VOC emissions. In general, the IR approach and the POCP
approach produce qualitatively similar results.
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(e.g., from an RFG blend). Defining IR in this way takes into account
both the KR and MR of a given VOC species, and, in principle, the incre-
mental reactivity can be broken into kinetic and mechanistic reactivities:

IR, = KR, X MR, (3-3)

where KR, and MR, are, respectively, the kinetic and mechanistic reactivi-
ties of the species i.

The IR, as defined by Equation 3-2, is an absolute measure of
ozone-forming potential (e.g., the number of grams of ozone per gram
of VOC). A somewhat more useful quantity for developing ozone mitiga-
tion strategies is the relative incremental reactivity (RIR). RIR is defined

as the reactivity of one compound normalized to the reactivity of a base
mixture:

RIR, =4 (3-4)
2SR,

J=1

where IR, is the incremental reactivity of species i, f, is the fraction of
species j in a base mixture containing n different VOCs so that the de-
nominator in the above expression is the total incremental reactivity of
a base mixture, such as an RFG blend. The advantages of working with
relative incremental reactivities are threefold. First, in a policy-making
context, comparisons of reactivities between species or VOC sources are
often of most interest. Second, RIR tends to be less sensitive to varia-
tions in ambient conditions and thus provides a more robust measure of
reactivity. Third, RIR is often easier to develop from three-dimensional
models, because there is no apparent absolute scale (e.g., the location
and timing of how ozone changes is not uniform} (see McNair et al.
1994).

The two dominant methods that have been used to assess species'
reactivities (IR and RIR) are via direct experimental measurement, for
example, in an environmental (or smog) chamber, and numerical simula-
tion using computer-based, air-quality models (Carter and Atkinson
1989; Carter 1994; Derwent and Jenkin 1991; Bowman and Seinfeld
1995; McNair et al. 1992; Yang et al. 1995; Bergin et al. 1996). Both
methods have serious limitations. Smog chambers do not realistically
represent the physics of pollutant transport and the impact of fresh
emissions. Moreover, most do not operate over the full range of NO,
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concentrations and VOC to NO, ratios typically encountered in the
polluted atmosphere. Thus, the conditions inside a smog chamber do
not reflect those of the ambient air. Given the sensitivity of many VOC
reactivities to environmental conditions, smog chamber experiments, by
themselves, provide reactivity estimates that are less applicable to atmo-
spheric conditions than those derived from air-quality models. Further-
more, smog chambers have artifacis {e.g., chamber wall and background
effects) that can affect the results, particularly if the compound reacts
slowly or has radical sinks in its mechanism (Carter and Lurmann 1991).
However, chamber experiments are necessary to develop (parameter-
ized) chemical mechanisms for those VOCs for which product and mech-
anistic data are not yet available from laboratory studies. Data from
those chemical mechanisms can then be included in chemical mecha-
nisms for the assessment of their ozone-forming potentials.

Because models can be run for conditions that more accurately
reflect actual atmospheric conditions, they can, in principle, provide a
more appropriate measure of a species' reactivity than that obtained
from a smog chamber. However, virtually all photochemical mecha-
nisms used in current air-quality models are based on data from smog
chambers. Thus, the ability of models to accurately simulate air qualicy
depends critically upon reliable extrapolation of smog chamber data to
atmospheric conditions and elimination of chamber wall and background
effects. This has proven to be a very difficult task (Dodge in press). For
these reasons, a level of uncertainty is inherent in any assessment of
ozone-forming potential. A variety of approaches has been adopted that
attempt to characterize and minimize this uncertainty and thus provide

a foundation if reactivity were to be implemented in a policy-making
context.

CHEMICAL. MECHANISMS AND THEIR DEVELOPMENT

Because of the aforementioned limitations of smog chambers, air-quality
models have played a central role in the quantification of VOC reactivity.
Of the various components within air-quality models, the chemical
mechanism, which attempts to reproduce the VOC-NO,-air photooxida-
tion process discussed in Chapter 2, is perhaps the most critical compo-
nent when these models are used to quantify reactivity, This section
briefly reviews how these mechanisms are developed and discusses
principal mechanisms currently in use.
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Any chemical mechanism used in an air-quality model must be
designed so that it can, at a minimum, reproduce the major features of
the VOC-NO,- air photooxidation process. The principal chemical mech-
anisms used in current air-quality models, along with representative
airshed modeling applications and their key attributes, are listed in Table
3-3. With the exception of the Harwell Master Chemical Mechanism, all
the chemical mechanisms in use today include various kinds of param-
eterizations, approximations, and condensations to simplify the very
complex chemical processes that actually occur when VOCs are oxidized
in the atmosphere. There are hundreds of different organic compounds
in the atmosphere, and from a numerical point of view, it is often im-
practical to explicitly follow each species. If this were attempted, the
chemical mechanisms would be huge (e.g., the Harwell Master Chemicat
Mechanism (Jenkin et al. 1997) that has over 7,000 reactions} and
would be computationally burdensome in three-dimensional models.

TABLE 3-3 Commonly Used Chemical Mechanisms for Air-Quality Modeling and
Reactivity Studies .

Mechanism

Description Reference

Statewide Air Pollution Explicit for a large number of organ-  Carter 1990,
Research Center 1990 ics, but uses a lumped representation 1995, 1997
(SAPRC-80/93/97) for reactive products. Designed, in

part, for reactivity applications.

Carbon Bond IV (CB4) Lumped by number of carbon bonds

in compounds. Specified by EPA for
regulatory purposes.,

Gery et al. 1989

Lurmann, Carter, Earlier and morecondensed version  Lurmann et al.

Coyner {LCC) of SAPRC-90. Used for the earlier CIT 1987
grid-model reactivity-assessment
calculations.

Regional Acid Developed for use in regional acid- Stockwell et al.

Deposition Model,
version 2 (RADM-2)

deposition modeling. Similarto LCC 1990
in detail, except more detailed model
for peroxide formation,

Harwell Used in Europe. Very large number of Derwent and
compounds represented explicitly. Hov 1979

Harwell Master Detailed, explicit mechanism with Jenkin et al.

Chemical Mechanism  over 7,000 reactions. 1997
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Moreover, if it were practical, laboratory data are available for only a
small subset of the relevant reactions, and for all others their rate con-
stants and the products they form would have to be estimated by extrap-
olation or by analogy from the simpler, better-studied systems. Thus,
preserving the full complexity of the atmospheric VOC chemical system
in a model might not necessarily increase the reliability of the model's
predictions. Chemical mechanisms in air-quality models, therefore, are
typically based on the assumption that the atmospheric oxidation of
complex VOCs can be simulated by analogy to simpler ones or by using
parameterizations to describe the full suite of elementary reactions. To
ensure that these simplifying assumptions are capable of adequately
simulating the real world, chemical mechanisms should be, and generally
are, tested against experimental data from smog chambers in which the
relevant chemical processes are monitored under controlled and weil-
characterized conditions. These data are then used to tune the various
parameterizations contained in the mechanism or to test whether model
predictions using the mechanism match experimental results.

Various types of chamber experiments are used to test different
aspects of the chemical mechanisms. Irradiations of single VOCs in the
presence of NO, are used to test the mechanism's ability to simulate the
oxidation of and ozone production from an individual VOC; NO,-air
irradiations of more complex VOC mixtures test the performance of the
model as a whole; and experiments in which the effect of adding single
VOCs to irradiations of NO, and complex mixtures test mode! predictions
of the VOC's incremental reactivity. Evaluation of chemical mechanisms
with smog chamber data is complicated by uncertainties in chamber
effects, and separate characterization experiments are needed to evaluate
those effects.

Chamber data are currently available to test the mechanisms for
only a subset of the many types of VOCs emitted into the atmosphere.
For the other species, reactions are either derived by analogy with
mechanisms for compounds that have been studied, or they are repre-
sented in the model as if they reacted in the same way as some other
chemically similar species. Mechanisms are further simplified or extrap-
olated using an approach referred to as "lumping." In this approach, a
single hypothetical (or pseudo) species is used in the model to represent
a larger number of compounds assumed to react in the same way, ora
group of model species is used to represent aspects of the reactions of
various chemical compounds. The lumping approaches, and the approxi-
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mations and inaccuracies they introduce, vary depending on the mecha-
nisms (see Table 3-3).

REACTIVITY ASSESSMENTS USING SMOG CHAMBERS

As mentioned above, one way to assess a VOC's reactivity is to measure
its effect on ozone when irradiated in the presence of NO, and other
VOCsinsmog-chamber experiments. Although these results have limited
applicability for the reasons discussed above, they can be quite valuable
for evaluating and verifying reactivities calculated using air-quality
models. Studies based on smog chambers include those of Carter at the
University of California at Riverside, Kelly at the General Motors Re-
search Laboratories, and Jeffries at the University of North Carolina. The
results of the experiments have been encouraging. '

Carter and Atkinson (1987} conducted a series of experiments in
which the impact of adding a VOC to a base mixture of organics and NO,
was compared with a similar experiment without the extra compound
being added. This series was done at various NO, leveis. Results of
those and more recent series of experiments have been compared with
the predictions of both the SAPRC-90 mechanism and SAPRC-93 mecha-
nism. The reactivities calculated using the SAPRC-90 mechanism agreed
reasonably well with the experimental results for most VOCs, except for
the internal alkenes {e.g., 2-butene, 2-pentene). Reactivities calculated
using the SAPRC-93 mechanism performed significantly better, In

particular, the mechanisms performed quite well in simulating the effects
" of varying the NO, levels and the nature of the reactive VOC surrogate.
However, neither mechanism performed particularly well in simulating
reactivity differences among xylene and trimethylbenzene isomers.

In the experiments of Kelly et al. (1994, 1996), incremental reactivi-
ties of several representative VOCs were measured as a function of the
amount of VOC added under conditions that tended to maximize the
reactivity. Although the VOC mix used in the experiments only approxi-
mated the VOC mix simulated in a replicate modeling study, the experi-
mental reactivity results correlated well with the modeled reactivity
results.

Jeffries et al. (1997, 1998) used a large outdoor smog chamber to
study ozone formation from various complex mixtures designied to
closely duplicate components in vehicle exhausts, and Kleindienst et al.
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(1996) performed similar experiments using an indoor smog chamber to
examine the reactivity of the exhaust from vehicles using alternative
fuels. The purpose of the Jeffries et al. studies was to evaluate chemical
mechanisms, and to compare, directly, ozone formation from various
chemically realistic mixtures.

Although smog-chamber studies are essential for chemical-mecha-
nism evaluation, incremental reactivities in smog chambers are not the
same as incremental reactivities in the atmosphere (as discussed above).
1t is not practical to duplicate all the environmental conditions that affect
a VOC's incremental reactivity in smog-chamber experiments, and, even
if it were practical to do so, it would not be practical to use such infor-
mation to investigate comprehensively how reactivities vary over the
wide variety of conditions that occur in the atmosphere. For this, air-
quality model calculations are required.

AIR-QUALITY MODELS

Air-quality models are computerized representations of the atinospheric
processes responsible for air pollution, which includes ozone formation
(NRC 1991), These models integrate current understanding of the
atmosphere's chemistry and meteorology with estimates of source emis-
sions to predict how the composition of trace atmospheric species, such
as ozone, respond to changes in emissions. Table 3-4 lists and describes
some of the air-quality models that have been used to assess VOC reac-
tivity and the ozone-forming potential of motor-vehicle emissions.

The models vary greatly in complexity, and thus also vary in the
amount of input data and computational resources they require. In
general, the major processes that affect the evolution of pollutants are
parameterized within the models, including emissions releases, gas-phase

- chemical reactions (using chemical mechanisms as described above),

transport, mixing, deposition, and scavenging. The equation upon which
air-quality models are founded is a statement of chemical species conser-
vation (Seinfeld 1986):

aCi

3}—+V°5Ca = VKV(c;/r) + Rifey, ¢provocps T, )4+
S&% i=1,2,3, ..., n (3-5)
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TABLE 3-4 Examples of Air-Quality Models®

Model Reference Description

Empirical Kinetic Dodge 1977; Lagrangian, single well-mixed cell.

Modeling Approach Gipson 1984 Allows for time-varying emissions

(EXMA) and inversion height raise.

Urban Airshed Model Reynolds et al. Three-dimensional, urban-scale

{UAM) 1973, 1979 photochemical model. Specified by

the EPA for regulatory applications.

Carnegie/California McRae et al. Three-dimensional, urban-scale

Institute of Technology  1982; Harley et photochemical model.

{CIT) al. 1993

CALGRID Yamartino et al.  Three-dimensional, urban-scale
1989, 1992 photochiemical model.

Regional Oxidant Medel Lamb 1983 Three-dimensionat, regional-scale

{ROM) phatochemical modet.

Urban-to-Regional Multi- Odman et al. Three-dimensional, multiscale

scale (URM) Model 1994 photochemical model.

EPA Models-3 Dennis et al. Three-dimensional, multiscale

1996 photochemical madel.

*For more information on types of air-quality models and model verification, see
Russell and Dennis 1998, and the references therein.

where, on the left,
oc;

a¢ represents the local time rate of change in ¢, the concentration
of species i, and

Uc; represents the rate of transport of species i by organized wind
fields (i.e., advection); on the right,

KVc; represents the rate of transport due to turbulent mixing,

R, is the net rate of change in ¢, through ¢, due to chemical reactions
for time t and temperature T, and

S, represents emissions (sources) of compound i over a specified
time and at a specified location.

The differences in air-quality models arise primarily from the
varying degrees of complexity allowed in the treatment of the nonchemi-
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cal processes and in the numerical techniques used to solve Equation 3-5.
To date, model simulations of ozone formation and VOC reactivity have
been performed using two types of air-quality models: (1) box or trajec-
tory models and (2) three-dimensional Eulerian models.

The trajectory or box model represents the polluted atmosphere by
a discrete air parcel. (This model is the kind used to illustrate aspects of
ozone chemistry in Chapter 2.) Many trajectory models use a single cell
to represent a column of boundary-layer air; others use discreet cells to
subdivide the vertical column (e.g., the two-cell model used by Derwent
and Jenkin 1991). The model's air parcel either is fixed in space (i.e., as
a box over a city) or allowed to move over the air basin, following a
trajectory calculated from the wind fields (i.e., a Lagrangian simulation).
In either case, emissions, deposition, and meteorological changes can be
included. However, box and trajectory models, by their very nature,
greatly simplify transport and diffusion, provide very limited information
on spatial variability, and thus cannot represent any particular pollution
episode with great detail. However, they can represent chemical trans-
formations in as great detail as is known, Further, they are readily
applied and are not computationally intensive. For these reasons, box
models have been used extensively to define reactivities. For example,
the reactivity scale specified by the California Air Resources Board
(CARB) in the California LEV/CF Regulations (CARB 1990) was devel-
oped using a single-cell model (see discussion below). To test how well
these models predict reactivity in a specific airshed, and to examine the
spatial and temporal aspects of VOC reactivity, a more physically de-

"tailed Eulerian model must also be applied.

Three-dimensional Eulerian models, also called grid or airshed
models, divide a represented air mass into multiple vertical and horizon-
tal cells, Grid models provide the most comprehensive representation of
any airshed and provide the only means to predict observed pollution
levels in real-world poliution episodes, particularly with respect to spatial
and temporal variation. However, these models require large quantities
of detailed input data and have relatively high computational demands.
In addition to uncertainties in chemical mechanisins (a feature cominon
to both box and grid models), grid models are also often limited by
uncertainties in input data (e.g., emissions and wind fields). For these
reasons, grid models are best applied to airsheds in which extensive,
carefully examined input data are available. Results can then be com-
pared with ambient pollutant observations to evaluate the accuracy of
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model predictions. Although models are frequently only evaluated
against observed ozone data, comparisons with observations of VOC and
NO, concentrations are needed to assess a model’s ability to accurately
simulate the relationships between ozone and its precursor emissions.

Thus, box and grid models provide varying advantages and disad-
vantages. Because they are not computationally intensive, box models
can be used to represent a wide variety of chemical conditions and to
perform extensive, formal sensitivity analyses. Grid models, on the other
hand, although not weli suited to multiple scenario testing and compre-
hensive sensitivity analysis, provide an opportunity to comprehensively
assess specific pollution scenarios with great spatial and temporal detail,
Choosing which model is best suited for a specific application is often
based on balancing the need for physical detail with computational
limitations. For these reasons, the study of reactivity should, in princi-
ple, rely on both box- and grid-model predictions. In this case, results
from both types of models can be compared to help assess the reliability
of the predictions. Air-quality modeling studies conducted specifically
for investigating VOC species reactivity are given in Table 3-5.

Box- and Trajectory-Model Reactivity Assessments

Carter and Atkinson {1989) used a box model and a detailed chemical
mechanism to quantify the reactivities of a variety of VOCs. They found,
not surprisingly, that the reactivity in terms of grams of ozone per grams
of VOC varied significantly between compounds and alse as a function
of the VOC to NO, ratio. In follow-on work, Carter (1993, 1994) devel-
oped 18 separate reactivity scales for quantifying VOC reactivity under
different conditions, in this case using the SAPRC-90 chemical mecha-
nism in a single-cell trajectory model. Those reactivity scales were
derived using nine different approaches for dealing with the dependence
of reactivity on environmental conditions and on two methods for quan-
tifying ozone impacts. Of the 18 reactivity scales, 3 have received the
most attention: the maximum incremental reactivity (MIR) scale, the
maximum ozone incremental reactivity (MOIR) scale, and the equal
benefit incremental reactivity (EBIR) scale (see Table 3-6).

The MIR scale is the incremental reactivity (IR) of a VOC computed
for conditions in which the compound has its maximum absoclute IR
value. This generally occurs at a low VOC-to-NO, ratio in which the
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TABLE 3-5 Examples of Compound-Reactivity Modeling Studies

Reference Model Type  Mechanism Application

Carterand  Trajectory SAPRC One-day simulation of reactivities un-

Atkinson der varying VOC-NO, conditions.

1989

Derwent and Trajectory Derwent Two-layer 5-day trajectory simulations

Jenkin 1991 and Hov of reactivity. Photochemical ozone

{1979) creation potential {POCP) scales.

McNair et al. Threedimen- LCC Calculation of three reactivity scales

1992 sional {CiT) for 11 lumped compounds. Simula-
tions were performed for a 3-day pe-
ried in the Los Angeles area {the
SCAQS episode).

Carter 1994 Trajectory SAPRC90  Development of 18 reactivity scales
(including the maximum incremental
reactivity (MIR) and the maximum
ozone incremental reactivity {MOIR)}
for 117 compounds. Resulis are the
average of 39 trajectory simulations
for 10-hr periods.

Yangetal. Trajectory SAPRC-90  Review of rate constant uncertainties

1994 and three-

- dimensional
{CIT)
Yangetal. Trajectory SAPRC-90  Rate constant uncertainty calculations

1995 for the reactivities of 26 compounds
. under MIR- and MOIR-type conditions,
One averaged trajectory was used
rather than the 39 used in the Carter
MIR and MOIR calculations.

Bergin et al. Threedimen- SAPRC-90  Calculation of three reactivity scates

1995 sional (CIT) for 27 compounds. Simtdations were
. performed for the SCAQS episode.
Jiangetal. Trajectory SAPRC90  Calculation of the contributions of 18

1996 compounds to ozone concentrations
' in the Lower Fraser Vatley.

Derwent et Updated calculation of VOC POCPs.

al. 1996

Harwell tra- Harwell
jectory model mechanism
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Table 3-5 {Continved)
Reference

Model Type  Mechanism Application

Bergin et al. Threedimen- SAPRC-S0

Rate constant uncertainty calculations

1898a sional (CIT) for the scales and compounds in the
Bergin et al. (1995) study above.
Derwent et Harwell tra-  Master Calculation of VOC POCPs using a
al. 1998 jectory model Chemical Jarge, detailed nechanism.
Mechanism '
Khanetal. Trajectory SAPRCY0  Calculation of eight compound reactiv-
1999 and three- ities in three domains vsing both grid
dimensional and box modeling.

chemistry is VOC-limited (see Figure 3-1). Mathematically, itis approxi-
mately expressed as

alo
MIR; = AVerage{MaxI:——[—i]—i]}

8IvVOC, ] 3-6)

where MIR, is the MIR of species i, and [VOC] is the input amount of
species {. In practice, Carter fixed the VOC concentrations and adjusted
the NO, to maximize the reactivity for the specific model run (or trajec-
tory). The MOIR scale is the incremental reactivity computed for condi-
tions that maximize the ozone concentration (see Figure 3-1), and thus
tends to represent conditions in which the VOC to NO, ratio is moderate
and the chemistry is approaching, or in, the transitional region between

VOC limitation and NO, limitation (see Chapter 2). Mathematicalily, it
is

E3-7}

a0
MOIRi = Average [—[—3]—

0 [VOCE ]j|for [03] maximized

In this case, the NO, levels in the trajectories are typically set to give the
maximum ozone levels, and then the sensitivity of the ozone to the

g
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TABLE 3-6 Summary of Major Characteristics of the Primary Carter Reactivity Scales

Derivation of Scale Reflects
from Individual Ozone Effect of
Scenario Reactivities Quantification VOC on

Type of Scenarios
Scale Used

Maximum  Low VOC-to-NO, Averages of Maximurri Ozone
incremental ratio conditions in  incremental ozone formation
reactivity  which ozone is reactivities in the rates
{MIR) most sensitive to  MIR scenarios

VOC changes
Maximum Moderate VOC-io-  Averages of Maximum Ultimate
ozone NO, ratio condi- incremental ozone ozZone
incremental tions in which reactivities in the yield
reactivity  highest ozone MOIR scenarios
(MOIR)? yields are formed
Equal Higher VOC-t0-NO, Averages of Maximum Ulimale
benefit ratio conditions in  incremental ozone ozone
incremental which YOC and reactivities in the yield
reactivity ~ NO, control are EBIR scenarios
{EBIR) equally effective in

reducing ozone

The MOIR scale is also referred to as the maximurm ozone reactivity (MOR)
scale.

individual VOCs is assessed. EBIR is the incremental reactivity for the
conditions in which the sensitivity of ozone to VOC is equal to that ol
NO,. Thus, the EBIR scale is calculated for conditions that lie midway
between VOC limitation and NO, limitation (i.e., the transitional re:
gime). ‘

CARB (1990) proposed using the MIR scale for regulatory applica
tions, because the MIR scale reflects reactivities under environmenta
conditions that are most sensitive to the effects of VOC controls. Al
though the MIR scale might not be accurate for lower NO, conditions
State of California officials reasoned that, because of the lower sensitivit
of ozone to VOC under these conditions, the impact of these inaccuracie
would not be as critical (i.e., the scale would be most accurate for VOC
limited conditions, the conditions for which VOC controls would be mas
effective). The MIR scale was also found to correlate well to scales base
on integrated ozone yields, even in lower NO, scenarios. Perhaps fo
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FIGURE3-1 Dependencies of peak ozone concentrations and the peak ozone sensitivi-
ties (0[0,)/3[VOC]) with respect to initial VOC and NO, concentrations. The top
graph illustrates peak ozone concentrations (as isopleths) as a function of bath VOC
and NO,. The bottom left hand graph shows how peak ozone levels vary when NO,
is increased at 2 constant VOC input, and the right hand graph shows how ozone
changes as VOC is varied at constant NO, input. Also shawn is how the sensitivity
(3[0]/3[VOC]) varies. The peak in the ozone sensitivity {3{0,]/8[VOC]) plot corre-
sponds to MIR conditiens {in essence, maximum sensitivity), and the peak in the
azone concentration plot corresponds to MOIR (i.e., maximum ozone) conditions.
The maximum ozone concentrations were calculated using a 1-day box-model
simulation using the averaged conditions scenario of Carter (1 994) and the SAPRC-
93 mechanism. Source: Bergin et al. 1998a. Reprinted with permission from Ency-

clopedia of Environmental Analysis and Remediation; copyright 1998, John Wiley &
Sons, New York. '

these reasons, MIR has been the reactivity scale used most extensively for
policy-making in the United States. For example, in California, the MiR
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scale is used as a basis for deriving reactivity adjustment factors (RAFs)*
in California's LEV/CF regulations (CARB 1991). The MIR scale was also
used to compare reactivities of vehicle emissions during various driving
cycles as well as with the use of various reformulated gasolines in the
Auto/0il Study sponsored by the petroleum and automobile manufactur-
ing industries (AQIRP 1993). Thus, the analyses presented later in this
report are also largely based on the MIR scale.

Nevertheless, it should be noted that the MOIR and EBIR scales
have advantages. For example, MOIR is representative of conditions for
the worst case scenario in which ozone concentrations would be highest.
Both MOIR and EBIR are more representative of lower NO, conditions
that are typically found in the eastern United States. Moreover, the MIR
scale tends to predict lower reactivities for slowly reacting compounds
than might be appropriate, because the higher NO, concentrations used
for MIR scenarios tend to suppress radical levels and thus also suppress
the kinetic reactivity of slower-reacting compounds.

Other trajectory-model investigations of VOC reactivity have in-
cluded Andersson-Skold et al. (1992), Derwent and Jenkin (1991), and
Derwent et al. (1996, 1998). Those researchers derived a comparable
set of VOC reactivities, termed photochemical ozone creation potentials
{POCPs). POCP is defined as the reactivity normalized to ethene calcu-
lated using a two-layer trajectory model covering an idealized 5-day
trajectory across Europe. The second layer contains reacted material
from previous days. The POCPs are calculated from the change in mid-
afternoon ozone concentration due to each species in the trajectory that
results from removing the test VOC from the emissions, divided by the
integrated emissions of the test VOC up to the time of the ozone observa-
tion.

A comparison of MIR, MOIR, and POCP for selected VOCs is shown
in Figure 3-2. The MIR and MOIR scales usually give similar relative
reactivities for most compounds, and are consistent in their predictions
of which compounds are highly reactive and which are not. However,
for reasons indicated above, the MOIR scale gives lower relative reactivi-
ties for aromatics, and also predicts lower relative reactivities for radical

“RAF (reactivity adjustment factor) is the ratio between the exhaust reac-
tivities of two fuels (see discussion later in this chapter).
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initiators, such as formaldehyde, which have larger effects on rates of

ozone formation than on total ozone formation over longer periods.

== joueyrg Effects of differences and uncertainties in chemical mechanisms on
calculated incremental-reactivity scales are discussed in more detail later
in this chapter. .
leueyan
auojay
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A serious concern about the regulatory application of scales, such as MIR
and MOIR, is that they are based on a box-madel or trajectory-modei
simulation of a single-day air-pollution episode. For example, although
MIRs are often developed from 10-hr simulations, some organic com-
pounds can remain in an urban airshed for 2 to 3 days if stagnation is
sufficiently severe or there is significant recirculation. Thus, MIRs might J
underestimate the relative reactivity of the slower-reacting compounds. *
Moreover, trajectory models lack the physical detail, the spatial and
temporal detail of emissions and resulting pollutants, and the multiday
pollution effects that can be represented in Eulerian models. For that
reason, reactivities derived using box and trajectory models should
ideally be evaluated using more-detailed Eulerian models. On the other
hand, such an evaluation is not without its own inherent challenges.
One of the most crucial is establishing a protocol for comparing model ¢
results; that is, what aspect of the spatially and temporally detailed |
Eulerian-model predictions are most appropriate to compare with a
relatively simple MIR or MOIR predicted by a trajectory model? Perhaps
somewhat arbitrarily, investigators have typically used either the
Eulerian-model predicted values for the peak ozone concentration in the
airshed or the population-weighted exposures to ozone,

Thus far, the most comprehensive comparison of reactivities calcu-
lated using trajectory models with those derived from an Eulerian model
have been carried out using the Carnegie/California Institute of Technol-
ogy (CIT) model (Harley et al. 1992) applied to a 3-day air-pollution
episode in the Los Angeles air basin (McNair et al. 1992; Bergin et al.
1995, 1998b; Khan et al. 1999). McNair et al. {1992) used the CIT
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model with a highly lumped chemical mechanism {the Lurmann et al.
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$ &8 8 8 8 ' &8 ° (1987) mechanism (LCC)) to quantify the reactivity of 11 individual and
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lumped VOCs. This study allowed comparison with single-cell-model
reactivity studies by others; it also allowed comparison of the different
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relative to ethane = 100, POCP reactivities are averages for various trajectories. Error bias represent standard deviation of
avorages. Source: Bergin et al. 1998a. Reprinted with permission from Encyclopedia of Environmental Analysis and Remedia-

FIGURE 3-2 Comparison of MIR, MOIR, and POCP for sefected VOCs. {Incremented reactivities (MR and MOIR) are normalized
tiomr, copyright 1998, John Wiley & Sons, New York.
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metrics used to derive reactivities. The results showed that MIRs derived

\ from trajectory models did not perform well in predicting peak ozone

\f\t\\‘i;;,-: sensitivities to specific VOC species, but performed reasonably well in

w|-“predicting the effects of VOC species on the integrated exposure to ozone

a2 0 over the air-quality standard. The MOIR scale did not compare as well

0y 57\ as the MIR scale with results derived from airshed model for either the

% peakozone concentration or ozone exposure concentrations greater than

the air-quality standard. ‘

o Subsequent to the study of McNair et al. (1992}, the SAPRC-90

- ““mechanism was implemented in the CIT model by Bergin et al. {1995,

oMy 451998a) for more direct comparison with the MIR and MOIR scales.

X &,\“ Reactivities were normalized to a mixture of VOCs representative of

((‘f - exhaust emissions, as in the reactivity studies of Carter (1994) and Yang

et al. (1996). .Again, the results for the exposure metrics compared well

with the MIR scale (e.g., regression gave a slope of 0.98 and r* = ().97).

To a lesser extent, the MOIR scale compared reasonably well with the

I/I,L.R;_ .‘peak ozone metric from three-dimensional modeling (slope = 0.95,r* =

q(:—p““" i‘ 0.74}, which occurs in a region that is less NO,-rich. These results

, suggest that the MIR scale is most appropriate in areas rich in NO,,

ok *: though is less well suited to areas that are more NO, poor. This is exam-
¥ = : ilned further in the discussion on variabilities.

'
PR}

W,

'

UNCERTAINTIES IN SPECIES' REACTIVITIES DUE TO
CHEMICAL-MECHANISM UNCERTAINTY

A concern often raised with regard to the use of reactivities in policy-
making is their dependence on model-derived quantities that might be
significantly distorted by uncertainties in knowledge of atmospheric
chemistry and its representation through chemical mechanisins. Mea-
surement errors in laboratory kinetic and product studies contribute to
uncertainty in the chemical mechanisms used to calculate incremental
reactivities., Moreover, as discussed above, the products of the initial OH
radical, NO, radical and/or ozone reactions, and their subsequent prod-
ucts, of many of the organic compounds emitted into urban atmospheres
are not well characterized. Their representation in chemical mechanisms
is based on analogy to compounds of similar structure, creating added
uncertainty. At issue is whether the uncertainties in the chemistry, not
only of the target species but others present in the atmosphere as well,
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significantly imit the reliability of model-derived reactivities for organic
compounds. The impact of uncertainties in chemical mechanisms on the
reliability of reactivities derived from models should be discussed at two
levels. First, how uncertainties affect the reactivity of individual VOCs
is addressed in this section. Second, how they affect the reactivity of a
source of emissions whose composition is made up of a large number of
VOCs is addressed later in this chapter with particular emphasis on light-
duty vehicular (LDV) emissions.

One way to assess the effects of chemical-mechanism uncertainty is
to compare reactivity predictions using different state-of-the-art mecha-
nisms that incorporate differing assumptions concerning unknown areas
of the chemistry and differing lumping approaches. As discussed above,
the SAPRC-90 mechanism was used for calculation of the MIR, MOIR,
and other reactivity scales because of the large number of VOCs it can
explicitly represent. The RADM-2 and LCC mechanisms employ assump-
tions similar to SAPRC-90 concerning uncertain portions of the aromatics
and other mechanisms, and would be expected to give similar reactivities
for the species that the condensed mechanisms are designed to represent.
However, this might not be the case for the CB4 mechanism, which
employs different assurnptions concerning some of the uncertainties in
the aromatics mechanisms, and uses different methods for treating
alkane and alkene reactions (Gery et al. 1988). In addition, since the
CB4 mechanism and SAPRC-90 mechanism were developed, there have
been significant changes in the understanding of alkene and ozone
reactions, new data on aromatics mechanisms, new laboratory data
concerning a number of potentially important reactions, and a large
database of new smog-chamber experiments designed explicitly to test
VOC-reactivity scales (Carter et al. 1993; Jeffries and Sexton 1995;
Carter et al. 1995a,b,c).

Figure 3-3 shows a comparison of MOIRs and MIRs for vehicular
exhaust emissions (relative to standard exhaust) calculated with the
SAPRC-90, CB4, and the updated SAPRC-93 mechanisms. Other than
the mechanism, the scenarios and the calculation methodology were the
same (Carter 1994). Differences of about 20% or more ate not uncom-
mon. However, for ethanol and MTBE, the agreement among the mech-
anisms is remarkable. The most conspicuous difference is for toluene.

More systematic studies of the effects of mechanism uncertainties
were carried out by researchers (Derwent and Hov 1988; Russell et al.
1995; Yang et al. 1995, 1996; Bergin et al. 1996, 1998a; Yang and
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Milford 1996) using airshed models and box models to explore to what
degree uncertainties in chemical-rate parameters affect the calculated
compound reactivities. Yang et al. (1995, 1996) used Monte Carlo
analysis with Latin Hypercube Sampling to calculate reactivity uncertain-
ties derived from a trajectory model. Bergin et al. (1998a) extended this
analysis to a three-dimensional model by focusing on only those uncer-
tainties in the chemical mechanism identified by Yang et al. to be most
critical. Generally, these studies suggest that the uncertainty’ in the
mean MIR value calculated for most individual VOCs generally is in the

range of 20% to 60% The estimated uncertainty in the predicted peak zw

A

ozone concentration for the average MIR simulation conditions was it
about 3 30%, relative to a mean prediction of ~0.15 ppm. For predicted
ozone and MIRs, the most_influential uncertainties are those in rate
parameters that control the avaﬂablhty of NO, and ‘radicals (Yang et al.
1995). For MIRs, uncertainties in the rate parameters of primary oxida-
tion reacﬁ?sﬁ-br reactions of relatively stable intermediates, are also
influential. However, because uncertainties in the rate constants and
parameterizations used in the chemical mechanisms apply to the calcula-
tions for all VOC reactivities, the effects of these uncertainties on the
reactivities of individual VOCs are strongly correlated between VOCs.
For example, an increase in the photolysis rate for NO, increases the
reactivity of most species by about the same proportion. Thus, the
relative reactivities tend to have significantly smaller uncertainties than
those of the absolute reactivities (Yang et al. 1995, 1996). Generally,
through the use of three-dimensional modeling, the uncertainties in the
relative reactivities of individual VOCs have been found to range from
about 15% to 40% (Bergin et al. 1998a).

VARIABLLITY OF OZONE-FCRMING POTENTIAL
WITH ENVIRONMENTAL CONDITIONS

Another concern about the use of reactivities within a regulatory context

*In this and subsequent sections, uncertainty denotes two times the stan-
dard error of the mean. Such confidence intervals will contain the actual vatue
95% of the time. A more-detailed discussion of uncertainty and its implications
for pelicy-makers is presented in Chapter 7.
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relates to the fact that the ozone-forming potential of any given VOC can
be heavily dependent upon local ambient conditions. In the extreme, a
compound can go from being an efficient generator of ozone under one
set of conditions to having a negative impact on ozone production under
another set of conditions. This is due, in part, to the formation of an
organic nitrate that ties up both a photochemically active oxidized
nitrogen molecule and a reactive organic radical. While some com-
pounds (e.g., toluene) do appear to have this property, a variety of
studies indicate that such compounds represent exceptions rather than
the rule, and that, as in the case of mechanistic uncertainty, the impact
of environmental variability can be minimized by using relative reactivi-
ties instead of absolute reactivities. A few studies that have addressed
those complications are discussed below.

In order to assess the magnitude of reactivity variability from one
city to another, Russell et al. (1995) derived absolute and relative reac-
tivities along 39 trajectories using the box model of Carter (1994). Mean
absolute reactivities and mean relative reactivities, along with their
respective standard deviations of the mean, were then calculated. The
magnitude of those standard deviations thus provides an indication of
how different environmental conditions affect reactivities. Inspection of
Table 3-7, in which some of the standard deviations calculated by Russell
et al. are listed, indicates that environmental variability does in fact
introduce significant variability into reactivities for many of the ubiqui-
tous VOCs. However, such variability can be reduced by almost of factor
of 2, from about 25-60% to 15-40% through the use of relative reactivi-
ties instead of absolute reactivities.

TaBLE 3-7 Uncertainty in the Mean Absolute and Relative MIRs from 39 Separate
Trajectory Simulations Representing Different Environmental Conditions

95% Confidence Interval {% of Mean Value)

Compound Absolute Reactivily Relative Reactivity
Formaldehyde 28 16
Methanol 39 23
Ethane 56 38
Toluene 38 21
Pentene 39 21

Source: Derived from Russell et al. 1995,
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TaABLE 3-8 Summary of Source Emissions Reactivity Modeling Studies

Reference Model Type  Mechanism Application
Trijonis and  Calculated EPAsmog Estimated major source reactivities for
Arledge {not chamber metropolitan Los Angeles.
(1976) modeled) data
Chang et al. Trajectory LCC Methanol-fueled vehicle impacts with
{1989) respect to conventionally fueted
vehicles, :
Russell et al. Three- LCC Potential methanol{ueled vehicle
{1990) dimensional impacts for the SCAQS episode
(CIT) {compared with equal mass emissions
from conventicnal vehicles).
McNair et al. Three- Lcc Calculations of RAFs far four fuels.
(1994) dimensicnal Simulations were performed for the
(CIT) SCAQS episode.
Yang et al.  Trajectory SAPRCS0  Rate constant and exhaust
{1996} ‘ composition uncertainty calcutations
for the RAFs from reformulated
gasolines and methanol,
Bergin et al. Trajectory SAPRC-90  Report on box mode! study described
(1996) and three- above and a three-dimensional study
dimensional of the effects of rate constant and
{CIT} product yield uncertainties on
predicted ozone impacts of five
alternative fuel RAFs,
Rusself et al. Trajectory SAPRC-90  Evaluation of combined results of
{1995) and three- most previous studies. An economic
dimensional analysis was also performed.
{cIm) ‘
Dunker et al. Three- CB4 Extensive evaluation of how
{1996} dimensional reformulated and alternative fuels
(UAM) would affect ozone formation in Los
Angeles, New York, and Dallas. Tied
directly to program to assess how fuel
blends affect both emissions
compaosition and emissions rates.
Guthrie et al. Three- CB4 Modeling of potential impacts of the
(1996) dimensional use of three alternative fuels (CNG,
{UAM) M85, and RFG) in two urban areas.
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part, because of the alternative fuel regulations promulgated in Califor-
nia (see Chapter 5), this issue has been explored in most detail for
motor-vehicle exhaust emissions.

When CARB implemented regulations for the LEV/CF® program, it
introduced the concept of reactivity adjustment factors (RAFs) to provide
a mechanism for manufacturers who build vehicles powered by alterna-
tive fuels (including reformulated gasoline) to take advantage of the
lower ozone-forming potential of the emissions from these vehicles. An
RAF is defined as the ratio of the specific exhaust reactivities of two fuels
(per gram of emission of an alternatively-fueled vehicle to that of a
conventionally fueled vehicle). The specific reactivity of fuel i (SR)) is

N
SR, = ZFA,-RI- s (3-8)
i=1

where F,, is the fraction of species i in fuel A and R, is the MIR of species
i. The RAF for fuel A is defined as the ratio of the exhaust reactivities:

N
RAF = S | (3-9)
z FBI Ri

i=1

ZFAiRi

where F,; is the fraction of species i in the base (reference) fuel. If the
alternative fuel's RAF is less than 1, then a proportionally greater amount
of VOCs can be emitted, such that the RAF times the mass of emissions
meets some total emissions standard. In practice, the appropriateness
of RAF—calculated using MIR values—was tested using a grid model and
adjustments were made as necessary.

The sources and magnitude of the uncertainties in RAFs have been

investigated by a variety of investigators, including Yang et al. (1996),
McBride et al. (1997), and AQIRP (discussed later). The studies of Yang

SAspects of this program are discussed in Chapters 4 and 5.
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et al. (1995) and McBride et al. (1997) revealed that although the 2-o
uncertainty in the relative reactivity of individual species due to uncer-
tainties in chemical mechanisms generally range from about 20% to
40%, that range grossly overstates the uncertainty in the composite
relative reactivity of a specific emissions source. An example would be
reactivities from a fleet of motor vehicles using one type of fuel versus
another. In this case, much of the chemical uncertainty tends to cancel
out {provided one is using relative reactivities instead of absolute reactiv-
ities), leaving an uncertainty of only a few percent. A much larger uncer-
tainty arises from the variability and difficulty in characterizing how
different vehicles respond to fuel composition changes. This is largely
due to the limited amount of test data and the limited knowledge of how
well a vehicle fleet is characterized by the data. This leads to substantial
uncertainties in the composition of the emissions, which feed directly
into the calculation of the source reactivity. The result is an uncertainty
(95% confidence level) in relative reactivities for source categories such

as motor-vehicle emissions of about 15-30% (Yang and Milford 1996;
Bergin et al. 1998a).

REACTIVITY FOR 1-HR PEAK AND 8-HR AVERAGED
OZONE CONCENTRATIONS

Another specific question under consideration is whether reactivity scales
developed for a peak 1-hr ozone concentration (i.e., in accordance with
the current form of the National Ambient Air Quality Standards
{(NAAQS)) would be significantly different from a similar scale developed
for a peak 8-hr ozone concentration (i.e., the new form of NAAQS). At
present there is little information to assess this issue, Of relevance is a
study of Khan et al. (1999) in which the authors compared the reactivi-
ties of several compounds based on their impact on the peak 1-hr and
the average 8-hr ozone concentrations. The comparison is shown in
Figure 3-5. Major differences were only found in the halogenated
aromatics that had very small reactivities to begin with. The relative
reactivities of the other species did not change appreciably. This result,
albeit limited, appears to suiggest that reactivity scales derived for peaks
of 1-hr averaged ozone concentration should largely apply to peaks of 8-
hr averaged ozone concentrations in urban areas.
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Ficure 3-5 Ratio of 8-hr average peak ozone relative reactivity to 1-hr average peak
ozone relative reaclivity for six solvents, Results are for a 3-day simubation in Los
Angeles. Source: Adapted-from Khan et al. 1999,

On the other hand, a number of caveats should be borne in mind
before this result is used to justify the application of trajectory-model-
derived reactivity scales based on VOC impact on peak 8-hr averaged
ozone concentration. In the first place, recall that Eulierian-model-
derived reactivities based on the model's predicted peak ozone concen-

" tration did not compare well with the trajectory-model-derived MiRs.

Second, reactivities derived from trajectory models are typically based on
very limited simulation times, and thus the use of those models to derive
a peak 8-hr averaged ozone-reactivity scale is questionable. Finally, the
promulgation of the new 8-hr NAAQS for ozone is likely to extend
nonattainment into larger geographical regions thatinclude rural as well
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as urban and suburban areas (Chameides et al. 1997). Thus far, little
work has been done to assess reactivities at these large, regional scales.
Moreover, ozone chemistry at the regional scale and in rural areas has
generally been found to be NO_-limited (OTAG 1997), where implemen-

tation of VOC emission controis and using a VOC-reactivity scale might
prove to be less effective.

OUTSTANDING TECHNICAL ISSUES IN
QUANTIFYING REACTIVITY

The scientific and policy-making communities have made significant
advances in understanding and implementing methodologies for quanti-
fying VOC ozone-forming potential using the concept of incremental
reactivity. Nevertheless, key issues remain. Among these are the uncer-
tainties in the understanding of the atmospheric chemistry of specific
VOCs, and thus in the ability to quantify their ozone-forming potential,
and the variability in reactivity between different environments. It was
earlier stated that ozone sensitivity to VOC can, in general, vary from
place to place within a given airshed and from episode to episode. Thus,
environmental variability is not limited solely to one city versus another,
but also to different locations within a city and also from one time to
another. Further, it is not apparent that a reactivity scale developed for
high-ozone episodes will be the same a5 one developed for more typical
conditions. Also, as was found in Los Angeles, the impact on the peak

ozone concentration is not likely to be the same as the impact on ozone
expostire surrogates.

Another important issue relates to the role of NO,. VOC reactivity,
and its use in control strategies, is of much less relevance in a system and
in locations that are strongly NO -limited. Thus, VOC reactivity should
be viewed as a way of providing extra benefits to a strategy based on the
implementation of VOC emissions controls. A major complication can
arise, however, when a given control measure affects NO, emissions as
well as VOC emissions, especially if the emission changes for the two sets
of precursors are directionally different, which might be the case for
reformulated gasoline using ethanol versus MTBE. Under these circum-
stances, one can, in principle, derive reactivities for NO, as well as VOCs
- to assess the net impact of the control measure on ozone. However, little

4
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research has been undertakén on the derivation and application of NO,
reactivities. Moreover, as implied earlier, NO, reactivities would likely
be even more dependent upon location and episodic conditions than
VOC reactivities. Application of NO, reactivities for a national ozone
mitigation program would therefore be problematic.

Finally, consideration should be given to the future use of reactivity
scales for particulate matter (PM) and ozone formation. Similar to
ozone, different VOCs canlead toa substantial variation in the formation
of secondary particulate matter; many VOCs will form no extra second-
ary organic particles, but others can lead to a substantial amount. In
some cases, the compounds that lead to little ozone formation lead to
little PM formation, and those that have a high ozone-forming potential
also can form a large amount of particles. In other cases, the opposite
is true. Models for simultaneously assessing PM reactivity and ozone
reactivity are still under development.

SUMMARY

Ozone atmospheric chemistry involves many thousands of reactions and
a similar number of compounds. The two primary precursors 10 0zone
formation are VOCs (and CO) and NO,, although this, alone, is an
oversimplification. There are hundreds of different VOCs emitted into
the atmosphere, and no two have the same chemistry; thus, they each
have a different impact on ozone. Further complexity comes from the
fact that the atmosphere is highly variable, both in its physical and
chemical make-up. Thus, not only does ozone formation respond differ-
ently to different VOC species, but it will often respond differently to the
same compound in different locations or during different episodes at the
same location.

A variety of metrics or scales have been proposed to quantify the
ozone-forming potential of an individual VOC or a mixture of VOCs
arising from a specific source or type of emission. The reactivity para-
digm is but one of a number of approaches that have been developed for
this purpose. It is based on scientifically sound concepts and can provide
a useful approach for policy-makers attempting to decide which VOCs or
types of emissions to regulate and to what degree. Indeed, the state of
California has already applied the reactivity paradigm to its regulation
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of motor-vehicle emissions and the fuels used to power those vehicles.
Exactly what metric should be chosen is, in part, a question of policy
reflecting a set of priorities of the relevant stakeholders.

Within the reactivity paradigm, a number of different scales can be
used. Each one provides a measure of the ozone-forming potential of a
VOC or mixture of VOCs under a specific set of conditions. In this report,
the maximum incremental reactivity (MIR) scale is used as the primary
quantitative measure of ozone-forming potential. That scale reflects the
ozone-forming potential of VOCs under conditions where ozone control
is most sensitive to decreases in VOCs and is also the scale that the state
of California has proposed using for its regulatory applications. For sim-
plicity and in the interest of brevity, the term “reactivity” is used to
denote the MIR, unless stated otherwise, Moreover, reactivity is ex-
pressed in a variety of ways. The specific reactivity, derived from box
modeling, is the reactivity normalized to the change of mass of VOC
emissions and has units of grams of ozone formed per grams change of
VOC emitted or grams of ozone per grams change of VOC. The total
reactivity is obtained by multiplying the specific reactivity by the mass
of VOC emissions per mile driven and has units of grams of ozone per
mile. The relative reactivity is a unitless quantity which is derived by
dividing the (specific or total) reactivity of a compound or class of
compounds by the (specific or total) reactivity of some reference VOC,
standard VOC, or VOC mixture. Sometimes the term absolute reactivity
is used in this report to denote either the specific or total reactivity as a

way of distinguishing them from the relative reactivity. Each of these
terms is listed in Table 3-9.

There are a number of limitations to the reactivity approach that
should be borne in mind. Because the ozone-forming potential of VOCs
can vary from locale to locale, it should not, in principle, be uniformly
applied to the entire nation, except to facilitate regulatory application.
Ideally, its use as a certification tool on 2 nationwide basis would allow
for regionally-specific applications and, potentially, the development of
regionally-tailored control strategies. Assessing the economic viability

of implementing regionally-specific rules for certifying RFGs is beyond
_ the scope of this report.

In its current state of development, a limitation of the use of a
reactivity approach beyond full certification is that it only considers the
ozone-forming potential of VOCs and CO. Thus it is of less use for
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TABLE 3-9 Terms Used in the Report to Dencte Reactivity”

Term Definition Units
Specific reactivity  Reaclivity (as MIR) normalized to the g 0,/g change
change in mass of YOC emissions VOC
Total reactivity Product of specific reactivity (as MIR) and g O,/mile
1he mass of VOC emissions per mite driven
Absolute reactivity Either the specific or total reactivity g 0,/g change
VOCorg
0,/mile
Relative reactivity  Ratio of the specific or total reactivity (as bnitless

MIR) of a caompound or class of compounds
to that of some reference or standard VOC
or VOC mixture
*In this report, the term reactivity is used to denote the maximum incremental
reactivity (MIR). MIR reflects the ozone-forming potential of VOCs under conditions
that are most sensitive to these VOCs.

developing VOC-based control strategies in areas where only NO, emis-
sion controls are needed. The reactivity approach is also of limited
utility in assessing the impacts of control strategies that increase (de-
crease) VOCs emissions, while decreasing (increasing) NO, emissions.
As it turns out, this might occur in the case of motor-vehicle emissions
using specific types of RFG blends.

It is also important to note that the determination of reactivities for
VOCs is a computational process that requires the application of a nu-
merical model. The types of madels that can be used for this purpose
range from rather simplistic trajectory or box models to very complex,
three-dimensional grid-based or Eulerian models. All of those models
rely on a chemical mechanism for simulating the ozone-forming process,
and a variety of algorithms for representing this chemistry have been
adopted. Although differences between model results do occur (for
example, in the case of the reactivities of the aromatics), in general, the
relative reactivity of VOCs derived from different models and models
using different chemical mechanisms tend to be reasonably consistent.
For this reason, it is believed that the uncertainties (or potential errors)
in reactivities can be minimized by focusing on relative as opposed to
absolute reactivities.
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In general, the 2-6 (or 95% confidence level) uncertainty in the
relative reactivities in most of ubiquitous VOCs (that have been studied
extensively) is about 20-40%. The relative reactivity of a composite set
of VOCs arising from a single source, such as motor vehicles, tends to be
somewhat smaller (i.e., about 15-30%). Much of the uncertainty in this
later case arises from potential errors in defining the speciation of the
emissions as opposed to those associated with the chemistry of the
species. For this reason, the use of relative reactivity to assess the ozone-
forming potential of different sources is best suited to situations where
the reactivity of the emissions is quite different. As will become apparent
in later chapters, this tends to not be the case for emissions from motor
vehicles using slightly different RFGs. That will, in turn, limit the ability

to use reactivity to distinguish robustly between the air-quality benefits
of various RFG blends.

A

Motor Vehicles As a Source of
Ozone Precursors

THE PRIMARY REGULATED emissions from gasoline-fueled automobiles and
trucks-—-volatile organic compounds (VOCs), nitrogen oxides (NO,), and
carbon monoxide (CO)—all contribute to the formation of ground-level
ozone. Moreover, these mobile sources distribute ozone precursors more
broadly than stationary sources. This chapter reviews motor-vehicle
emissions from light-duty vehicles (LDVs) and, in particular, those vehi-
cles fueled by gasoline (LDGVs). It focuses on the regulation of these
emissions and the historical effect they appear to have had on emission
inventories and air-quality trends. Deviations of actual emissions from
levels set by regulatory intent to control them and the probable reasons
for such deviations are then reviewed.

LIGHT-DUTY VEHICULAR EMISSIONS BY
SOURCES AND REGULATION
Vehicular-Emissions Sources
Gasoline-fueled auromobilesand light trucks (which include eertain vans

and sport utility vehicles) are important sources of VOCs, NO,, and CO.
VOCs that arise from engine combustion exhaust include many different

73
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species, some of which were not present in the original fuel but were -

created in the combustion reaction and leave the tailpipe without being
fully oxidized. Evaporative VOC emissions, on the other hand, result

from vapor escaping the fuel storage and transfer systemn, as well as from

fuel leakage, and are thus independent of combustion. NO, and CO
emissions are generated during the combustion process and these only
occur in the exhaust.

Tailpipe emissions of VOCs, CO, and NO, are measured for emis-
sions certification by means of the Federal Test Procedure (FTP), during
which a test vehicle is driven on a chassis dynamometer over a pre-
scribed driving schedule. The car is first stored with the engine off
(“soaked”) at room temperature for at least 12 hr, Then it is started with
a cold engine, run over an 18-cycle urban-like driving pattern, stopped
for a 10-min hot soak, restarted, and rerun over the first 5 of those 18
cycles. This 18-cycle driving pattern, known as the LA-4 schedule, was
developed in the late 1960s to represent a commute to work in the
typical Los Angeles traffic of the time. Following some minor modifica-
tion, it became the basis of the federal U.S. Environmental Protection
Agency (EPA)-mandated certification testing procedure for LDVs in 1975
(and is therefore also called the FTP75).

As iltustrated in Figure 4-1, the entire LA-4 schedule covers 7.45
miles (mi) at an average speed of 19.6 miles per hour {mph). After
adding the 5 repeat cycles following the hot soak, the entire FTP urban
driving schedule covers 11.1 miles of driving in 31 min, excluding the
10-min hot soak. '

During the FTP, tailpipe exhaust is collected in three bags: the so-
called cold bag for the first 5 cycles of driving, the stabilized bag for the
next 13, and the hot bag for the 5 repeat cycles following the hot soak.
For regulatory purposes, the measured mass emissions from each bag are
substituted in a prescribed equation to determine the emission rate per
unit of travel (in this case, grams per mile) of each regulated emission.

Evaporative emissions, including those resulting from leaks of liquid
fuel, are measured separately using a variable-temperature SHED
(sealed-housing-for-evaporative-determination) facility; i.e., an instru-
mented temperature-controlled room in which the test vehicle is housed.
The fuel system of each car includes an evaporative canister containing
a bed of activated carbon particles that adsorb most of the fuel vapor
that might otherwise escape to the environment. The canister is con-
nected to both the fuel-tank headspace and the engine intake. During
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FIGURE 4-1 The Federal Test Procedure urban driving schedule covers 11.1 miles of
driving in 31 min, excluding the 10-min hot soak. Source: Adapled from Davis
1998.

normal engine operation, stored VOC vapor is purged from the canister,
drawn into the engine by intake-manifold vacuum, and consumed in
combustion. However, the system is not 100% effective. Escape routes
for evaporative gases include the engine intake and vents in the fuel tank
as well as the canister itself.

Evaporative emissions, including those resulting from leaks of liquid
fuel, can be classified into five categories: diurnal, hot soak, running loss,
resting loss, and refueling loss." The characteristics and causes for each
of these emissions are described briefly below. Originally, only diurnal
evaporative emissions were regulated. In more recent years, hot-soak
emissions were added to the diurnal emissions for regulatory purposes,
with a separate limit being placed on the running loss. The first
refueling-loss standard began with a 3-year phase-in period on passenger
cars in 1998. These emissions are controlled by an on-board refueling
vapor canister.

Diurnal emissions occur because the fuel tank of a parked car
"inhales" air at night as the tank cools, then "exhales" a mixture of air and
fuel vapor during the day as tank temperature rises. Diurnal emissions

'In addition to evaporative emissions, non-combustion emissions from
motor vehicles can arise from dripping and leaking of fuel. The tenm “nonex-
haust emissions” is used to denote the total of evaporative emissions and the
emissions that arise from fuel leakage.



76 OZONE-FORMING POTENTIAL OF REFORMULATED GASOLINF

tend to increase linearly with available tank headspace, and are also very
sensitive to tank temperatures and fuel volatility.

Hot-soak emissions occur after vehicle operation has been termi-
nated. These emissions are measured over a 1-hr period after the vehicle
has completed a prescribed driving schedule. Hot-soak emissions from
a given vehicle depend on the previous driving schedule, ambient condi-

_tiong, and fuel volatility.

Running-loss emissions occur as the tank is heated durmg vehtcular

operation and can result from the following:

*  Inefficiency of the in-tank fuel pump and motor.

*  Recirculation to the tank (in some vehicles) of excess fuel
supplied to the port fuel injectors.

*  External heat from the nearby exhaust system.

*»  External heat from the air flowing under the car from the
engine compartment.

Vapor generated during vehicle operation is directed to the canister for
transfer to the engine, where it is consumed. The line from the canister
to the engine contains a valve that regulates that purge flow. However,
when the quantity of vapor, thus generated, exceeds the ability of the
engine to consume it and the canister has reached its storage capacity,
the excess vapor escapes through the canister vent as "breakthrough"
emissions and constitutes the running loss. Thus running-loss emissions
depend on the driving schedule, ambient conditions, fuel volatility, type
of vehicle, and condition of the control system.

Resting-loss emissions include escape of fuel vapor by means of
permeation of nonmetallic components of the fuel system while the
vehicle is inoperative. Resting-loss emissions depend on fuel characteris-
tics and design features of the fuel system.

Refueling emissions consist of the fuel vapor displaced from the
tank headspace by the new liquid fuel being pumped into the tank.
Typically, these vapors are stored in the same canister used to control the
other categories of evaporative emissions. Refueling emissions occur
when these vapors escape, and depend on the volume of fuel pumped
and on the respective temperatures and compositions of the fuel remain-
ing in the tank and the pumped fuel.

B %ll-
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Control Standards for These Sources

Since their inception, emissions standards have been progressively tight-
ened. The trend toward greater stringency in tailpipe and diurnal evapo-
rative controls through 1993 is tabulated separately for federal and
California standards in Table 4-1. These standards were to be satisfied
through 50,000 miles of driving; consequently, to ensure compliance,
manufacturers calibrated new car emissions levels to be substantially
below the specified 50,000-mile level.

Standards in effect from 1993 onward are listed in Table 4-2.
Standards are defined for both 50,000- and 100,000-mile compliance.
The standards for high mileage accrual are intended to preclude exces-
sive emissions as accumutated service surpasses 50,000 miles. As shown,
California has defined a family of low-emissions vehicles: the transitional
low-emissions vehicle {TLEV), the low-emissions vehicle (LEV), and the
ultra-low-emissions vehicle (ULEV). Not shown is the zero-emissions
vehicle (ZEV), which has no tailpipe emissions. The only vehicle cur-
rently qualifying as a ZEV is a dedicated electric car or light truck. (How-
ever, even in this case, use of the vehicle does in fact result in ozone
precursor emissions whenever fossil fuels are burned to generate the
electricity required for battery charging.) California aliows manufactur-
ers to mix conventional vehicles and members of the low-emissions fam-
ily, within certain constraints, in 2 manner that forces a gradual reduc-
tion in fleet-average emissions in successive years.

At 50,000 miles, the federal Tier I standards now in place entail
reductions in combined tailpipe and crankcase emissions, from the
average precontrol car, of 98%, 96%, and 90% for NMHC, CO, and NO,
respectively. For the California ULEV, these reductions increase, respec-
tively, to 99+%, 98%, and 95%.

Major manufacturers have volunteered to build cars to national low-
emissions vehicle (NLEV) specifications having NMHC, CO and NO,
standards equal to those of the California LEV in Table 4-2, making them
available in the Northeast in 1999 and nationwide in 2001. The 70%
reduction in tailpipe NMHC and the 50% reduction in NO, with the
NLEV, compared with Tier 1 vehicles, pursue a national improvement in
air quality earlier than had been anticipated by regulatory schedules. In
addition, manufacturers are moving voluntarily to produce light trucks



TaBLE 4-1 Emissions Standards for Automabiles {allowable emission levels up through 50,000 miles of driving)

8L

Federal California

-~ HC cO NO, PM*  Evap HC NMHC® CO NO, PM" Evap HCHQO®
Model year {g/mi) (g/mi) (g/mi) (g/test) (&/mi} (g/mi} (g/mi} (g/mi) (g/mi) (g/mi) (g/test) (g/mi)

Pre-control 14.7° 840 4. 47 14.7° - B840 41 a7
1966 . 6.3 51.0  {6.0)

1968 63 510 (6.0 6.3 51.0

1970 41 340 4.1 34.0 6
1971 41 340 4. 340 4.0 6
1972 3.0 280 : 2.9 340 3.0 2
1973 3.0 280 3.0 2.9 340 3.0 2
1974 3.0 280 3.0 2.9 340 20 2
1975 15 150 3.1 2 09 9.0 20 2
1977 1.5 150 20 2 0.41 9.0 15 2
1978 1.5 150 2.0 6 0.41 9.0 1.5 6
1980 041 7.0 2.0 6 038 90 1.0 2
1981 041 34 1.0 2 039 7.0 07 2
1982 041 34 10 060 2 039 70 07 2
1983 041 34 1.0 060 2 030 70 04 2
1984 0.41 34 10 060 2 039 70 04 060 2
1985 0.41 34 10 060 2 039 70 04 040 2
1986 041 34 10 060 2 039 70 04 020 2
1987 041. 34 10 020 2 039 70 04 020 2
1989 041 34 10 020 2 039 7.0 04 008 2
1993 041 34 10 020 2 038 70 04 008 2 0.015

*particulate matter, applicable to diesel cars only, NMHC = nonmethane hydrocarbons; HCHO = formaidehyde.
bncludes 4.1 g/mi of crankcase emissions, fully controlled by 1966.
“Uncontrolled NO, increased as HC and NO, standards were implemented.

dChange in test procedure.
NOTE: Empty cells indicate no standards in place for those years.

Source; Adapted from Calvert et al. 1993.

6L
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and vans, rated above the maximum weight range covered by the federal
standards of Table 4-2, in a manner that will enable these vehicles to be
certified to the more stringent passenger-car standards. This should have
a substantial air-quality benefit because these heavier vehicles accounted
for nearly half of new-vehicle sales to the general public in 1998.

MAGNITUDES AND TRENDS OF LIGHT-DUTY
VEHICULAR EMISSIONS

To gauge the potential air-quality benefit from the use of reformulated
gasolines, in general, and specific oxygenates within these gasolines, it
is useful to review the magnitudes and trends in the emissions of VOC,
CO, and NO, from motor vehicles and other sources The 55-year trends
iHlustrated in Figures 4-2, 4-3, and 4-4 for VOC, NO,, and CO, respec-

TABLE 4-2 Automobile Emissians Standards, Tier | and Beyond (standards for
50,000 miles or 5 years {100,000 miles or 10 years))

Federal

NMHC NMOG CO NO,  HCHO
(g/mi)  (g/mi) (g/mi} {(g/mi} ({g/mi)

Tier 1 {1994) 0.25 3.4 0.4
{0.31) (4.2) {0.6)
Tier H {2003) {0.125) (1.7) {0.2}
California
Conventional vehicles {1993)° 0.25 3.4 04 0.015
‘ (0.31) (4.2) {0.6} {0.018)
TLEVs (starting in 1994)° 0.125 3.4 0.2 0.015
(0.156) (4.2) (0.3) {0.018)
LEVs {starting in 1997}° 0.075 34 0.2 0.015
. {0.09) {4.2) {0.3) (0.018)
ULEVs (starting in 1997)° 0.04 1.7 0.2 0.008
{0.055) {2.1) (0.3) (0.011)

NMOG = nonmethane organic gases (NMHC + oxygenated HC).
*Measured NMOG adjusted for reactivity, relative to conventional gasoline.
Source: Adapted from Calvert et al. 1993,
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tively, are based on inventory estimates compiled by EPA. In viewing
these inventories, it should be noted that large uncertainties are typically
associated with emission inventories, especially those arising from motor
vehicles. Historically, it has been found that the contribution of emis-
sions from mobile sources had been underestimated, and each time new
information and data became available, these emissions had to be re-
vised upward (NRC 1991). Moreover, the accuracy of contemporary
mobile source emission inventories remains the subject of some debate
(Sawyer et al. 1998).

From Figure 4-2, it can be seen that the contribution to anthropogenic
VOCs from highway vehicles appears to have peaked around 1970. By
1995, this share had declined to 28% of the anthropogenic total, by
which time industrial processes were estimated to account for 47% of

12 | | 1 1

T~ INDUSTRIAL
~PROCESSES

'\D -0

HIGHWAY VEHICLES

u.s. VOC (Tg)
[#¢]

WASTE/RECYCLING
OFF-HIGHWAY VEHICLES

4 / STATIONARY COMBUSTION 1

25 AL ﬂ_v_____ﬁﬂe::{} -
i S g —"‘z"”“v‘\.\-,\,@cg O

‘?//— ‘8 ——————————— h 'O
0 L 1 | 1 1
1940 1950 1960 1970 1980 1990 2000
YEAR

FIGURE 4-2 Estimated trends in VOC emissions from various types of sources in the
United States. Emissions are presented in units of teragrams (Tg). 1 Tg=10° metric
tons. The contribution from “Highway Vehicles” includes 1.DVs, the automobiles and
light trucks that are the subject of this study, and heavy-duty vehicles (HDVs), larger
trucks and buses. Source: Adapted from Davis 1997.
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anthropogenic VOCs, The remainder was attributable primarily to waste
disposal and recycling (5%), off-highway vehicles (12%), and stationary
fuel combustion (5%).

In the case of NO, emissions, Figure 4-3 indicates that highway
vehicles accounted for about 31% of all anthropogenic NO_ in 1995.
Approximately 70% of this came from LDVs, which are powered primar-
ily by gasoline engines, with the balance produced by HDVs, which are
primarily diesel-powered. In 1995, stationary combustion accounted for
45% of anthropogenic NO,, 20% came from nonhighway vehicles, 3%
was attributable to industrial processes, and the balance came from
miscellaneous sources.

Figure 4-4 indicates that highway vehicles have long dominated
national CO sources. In 1995, they were responsible for 60% of the CO
total. Adding in off-highway (off-road) transportation sources, the entire

transportation sector was responsible for about 80% of the national CO
emissions that year.
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FIGURE 4-3 Estimated trends in NOx emissions from various types of sources in the
United States. Emissions are presented in units of teragrams (Tg). 1 Tg = 10°
metric tons. The contribution from “Highway Vehicles" includes LDVs, the automo-
bites and light trucks that are the subject of this study, and heavy-duty vehicles
(HDVs), larger trucks and buses. Source: Adapted from Davis 1997.
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Fisure 44 Estimated trends in carbon monoxide {CO) emissiens from various types
of sources in the United States. Emissions are presented in units of teragrams (Tg).
1 Tg = 10°® metric tons. The contribution from “Highway Vehicles” includes LDVs,
the automobiles and light trucks that are the subject of this study, and heavy-duty
vehicles (HDVs), larger trucks and buses. Source: Adapled from Davis 1997.

Comparison of the national inventory estimates with inventory esti-
mates for California developed by the California Air Resources Board
(CARB) reveals some substantial differences. For example, CARB esti-
mates that, in 1995, 25% of its statewide emissions of VOC (total organic
gas emissions), 44% of its reactive organic gas (ROG) emissions, and
60% of its NO, emissions were from .on-road vehicles (htp://
www.arb.ca.gov/ceidars/emssumcat.submit_form). (VOCsincludenon-
reactive organic compounds that are not included within the ROG cate-
gory and hence emissions of VOCs are greater than those of ROGs.) In
contrast, the federal inventory for 1995 ascribes 28% of VOC emissions
and 31% of NO, emissions to on-road vehicles (Davis 1998). The differ-
ences in the on-road-vehicle contribution (especially for NO,) in the two
inventories are most likely indicative of the unique characteristics of
California as compared to the rest of the nation. However, the possibility
that they also arise, at least in part, from inaccuracies in one or both
inventories cannot be ruled out.
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Given the historical trends in ozone precursor emissions, it is interest-
ing also to review what the corresponding achievements have been in
ozone reduction. National air quality and emissions have been reviewed
for the period from 1986 to 1995 (EPA 1996a). In Figure 4-5A, the
arithmetic mean ozone concentration from 573 measuring sites (normal-
ized using the mean for 1986) is plotted versus year. This trend is com-
pared with the normalized trends in national emissions of VOCs, NO,,
and CO over the same period in Figures 4-5B, 4-5C, and 4-5D, respec-
tively. The substantial year-to-year variability in the ozone trace reflects
annual variations in meteorology. For example, before 1996, 1988 was
the third hottest year of the century, and temperatures were also high in
1995. Because high ambient temperature is conducive to ozone forma-
tion, it is not surprising that ozone levels were, on average, higher in
those years. EPA endeavored to correct these annual data for variations
in meteorology and concluded that average ozone is decreasing about
19 per year. Additional discussion of variability in ozone trends is
contained in Chapter 6 of this report. Over the same period, national
anthropogenic emissions of VOCs, NO,, and CO are estimated to have
decreased by about 9%, 2% and 16%, respectively, with emissions
attributed to on-road vehicles decreasing by about 31%, 2%, and 20%,
respectively. Over this same period, vehicle miles traveled (VMT) by on-
road vehicles increased 32%, so that the actual reductions in vehicular
emissions of all precursors in units of g/mi were quite substantial (as
would be expected from the data in Table 4-1).

Relating the national trend in ozone to the trends in precursor emis-
sions is problematic because of such important influences as variations
in precursor reactivity, nonuniformity in the geographical distribution of
precursors, and meteorological effects. Nevertheless, the data clearly
reflect improvement in air quality over the decade that is likely attribut-
able at least in part to: (1) the advent of more stringent standards for
vehicles that gradually replace old vehicles built to more lenient emis-
sions standards than current models; (2) maturation of new-vehicle
emissions control hardware and software as field experience accumu-
lated; and (3) recent improvements in gasoline properties. The air-
-quality improvement is reported despite the increase in VMT, and an
increasing preference among consumers for light trucks and vans that
emit more precursors,

It is also apparent that during this period, the contribution of LDVs to
ground-level ozone poltution has decreased substantially. According to
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emissions (B), NO, ernissions (C}, and CO emissions (D) over the same period.
Source: Adapted from EPA 1996a.
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EPA, the contribution of on-road vehicles to VOC and NO, emissions has
decreased by about 30% and 3%, respectively. One consequence of this
decreasing contribution is that ozone mitigation strategies based on
further reductions in motor-vehicle emissions such as that of the refor-
mulated gasoline programs must necessarily also have a reduced poten-
tial to improve air quality. For example, if ozone concentrations re-
sponded linearly to a reduction in VOC concentrations, a reduction of
20% in VOC emissions from a reformulated gasoline program might
decrease ozone by only about 6%, given that on-road vehicles are cur-
rently responsible for about 30% of the total emissions. Even if the
contribution of VOC emissions has been underestimated by a factor of 2,
the ozone reduction would only be a little more than 10%. In reality, the
ozone reduction would be significantly smaller since the response of
ozone concentrations to VOC reductions are generally less than linear.
As discussed in more detail in Chapter 6, this shrinking contribution to
ozone precursors from gasoline-powered motor vehicles makes it very
difficult to discern the impact of reformulated gasoline on ambient ozone
concentrations, let alone distinguish between the effects of different
reformulated gasoline blends. This, however, should not be interpreted
to mean that emissions controls on LDVs are not important. Clearly they
are; it is just that discerning incremental benefits becomes increasingly
difficult as the relative contribution of LDV emissions decreases.

It is also relevant to note that the contribution from motor vehicles
might very likely continue to shrink. For example, Figure 4-6 illustrates
the estimated and projected emissions for VOCs (shown as TOGs) and
NO, in Los Angeles, New York, and the Chicago-Milwaukee region for
1988, 2000, and 2010 by the Auto/0il study (AQIRP 1997a). In these
projections, use of conventional gasoline (representing a 1988 national
average composition) was assumed for the base year and use of varicus
reformulated gasoline blends were assumed for future years. “Other
manmade” sources include diverse sources such as power lawn mowers,
earth-moving equipment, surface coatings, and solvents and cooking and
baking activities. Substantial reductions in LDV emissions were pro-
jected for each city. From the base year to 2010, decreases in the LDV
emissions were estimated to be from 74% to 92% for VOCs and 54% to
69% for NO,, depending on the city. At the time when this modeling
was performed, the large reduction estimated for LDV emissions antici-
pated benefits from replacement of older vehicles, lower vehicle emission
standards, on-hoard diagnostics, reduced gasoline vapor pressure, refor-
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mulated gasoline, and more stringent inspections and maintenance
programs. CARB has also projected Jarge reductions in emissions from
on-road mobile sources (which include HDVs). For example, these
sources are expected to lower their share of statewide ROG emissions
from 44% in 1995 to 18% in 2010 (http://www.arb.ca.gov/emisinv/
emsmain/emsmain.htm). If those projections turn out to be accurate,
the probable impact from subtle changes in RFG blends will be further
reduced. However, it should be noted in this regard that projections of
future mobile source emissions depend upon assumptions concerning
trends in technology, economics, and human behavior and, as a result,
are highly uncertain.

INFLUENCE OF DRIVING PATTERNS ON
EMISSIONS VARIABILITY

As discussed above, regulation of LDV exhaust emissions is based on the
FTP which is, in turn, built around the LA-4 driving schedule. There is,
however, growing concern that this driving schedule is not able to
characterize accurately emissions from LDVs under normal driving
conditions (Darlington et al. 1992; Kelly and Groblicki 1992). Three
potentially important sources of error are discussed below: off-cycle
transient events, underrepresented events, and variable events.

- Off-Cycle Transient Events

When the LA-4 driving schedule was first devised, the ability of existing
chassis dynamometers to accommodate high vehicular accelerations was
limited. Consequently, accelerations on the schedule were arbitrarily
restricted to a maximum of 3.3 mph/sec. However, data frorm instru-
mented cars in typical traffic have shown peak accelerations as high as
15 mph/sec at 20 mph, with somewhat lower rates at higher speeds but
all in excess of 3.3 mph/sec (Ross et al. 1995). This raises the possibil-
ity that the FTP misses important aspects of typical driving that could
resultin undetected, increased off-cycle emissions of VOCs, CO, and NO,
(see Text Box 4-1). On the other hand, analysis of in-use survey data
indicates that driving at an air-to-fuel ratio of 12% richer than
stoichiometric occurs only about 1% to 2% of the time (Ross et al. 1995),
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those emlssmns

" TeXT BoxX 4-1 Power Enrichment Can Affect Exhausf Erﬁissions

Warmed-tp, conventional gasoline engines are now calibrated fo operate
under most circumstances at or very near the sioichiometric air-to-fuel ratio
to accommodate the three-way catalytic converter. At this ratio {about
14.7:1 for gasoline), a fuel is combusted nearly completefy with alimost no
air appearing unutilized in the combustion products. However, as the
throttle is gradually opened to provide more than about 75% of the
maximum power available at any given speed, the mixture is gradually
enriched from the stoichiometric to a lower air-to-fuel ratio for a nuraber of
reasons. First, theoretically, the engine is capable of producing about 5%

~more power when the mixture Is enriched about 10% beyond the

stoichiometric ratio. As vehicular performance potential is determined by
maximum power, this degree of enrichment allows about a 5% reduction in

_piston displacement for the same performance potential, making it possible
to meet performance criteria with a smaller engine with better fuel
-economy. Second, for a given air-to-fuel ratio, the exhaust gas temperature

is highest at full throttle. When the average full-throttle mixiure is set at the

‘stoichiometric ratio, there is aiways a small amount of oxygen in the
-exhaust stream, ideal chemistry notwithstanding. Should one cylinder

experience an instance of poor combustion, raw fuel, oxygen, and a high
exhaust temperature can co-exist in the catalytic converter. This invites a
significant upward excursion in catatyst temperature that can hasten
deterioration, and, in severe cases, even lead fo destruction of the catalyst.
To prevent this from occurring, the mixture is enriched. . Third, to suppress
combustion knock {see Chapter 5}, some engines are: calibrated even richer
than the maximum-power ratio at full throttle. This aliows use of a higher
compression ratio for better fuel economy at part Ioad at whtch the engme
operates most of the time.-

With respect to emlssions as an englne approaches fuIl throtﬂe power
enrichment significantly decreases engine-out NO,. However, vehicular
tests have shown that the catalytic converter can pass an increasing .
fraction of this raw NO, as the mixture is enriched (Ross et al. 1995), This
catalyst behavior might be the result of insufficient exhaust residence time

" in the converter at high engine-flow rates. Power enrichment at high loads
- also substantially increases engine-out CO and VOCs - just as the rich

mixture is deprwmg the catalytlc converter.of encugh oxygen to destroy

89
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suggesting that power enrichment might not make a major contribution
to LDV emissions resulting from typical driving. Nevertheless, the Clean
Air Act Amendments of 1990 directed EPA to devise a Supplemental FTP
(SFTP) to assess some of the real-world emissions not properly addressed
in the LA-4 schedule. It is intended to add a more aggressive driving
pattern, a change made possible by improvements to chassis dynamome-
ters since the 1960s.

As defined by the EPA rule of October 1996 (EPA 1996b), beginning
with vehicular certifications for model year 2000 (MY2000) and phasing
to 100% application for MY2002 (MY2004 for larger light trucks),
driving schedule US06, illustrated in Figure 4-7, will be run immediately
following the current FTP to contribute exhaust to a fourth collection
bag. Emissions from this bag will be weighted in a calculation together
with those from the first three to arrive at the exhaust certification
emission rate (grams per mile). An improved correction test for air-
conditioning load, called the SC03, will also be conducted. The SFTP is

expected to lead to more realistic control of emissions in real-world
driving.

Underrepresented Events

The warm-up time for emissions-control components, especially for
catalysts, varies across makes and models of vehicles. Because those
components do not operate at peak efficiency during warm-up, emissions
can be unusually high for a brief period every time a vehicle is cold-
started or restarted. Other factors remaining equal, the magnitude and
duration of this excursion in a given vehicle depend on ambient tempera-
ture and the length of time the engine has been shut down. Multipur-
pose, chained trips involving at least one intermediate stop of 15 min or
less, such as from home to a series of retail establishments, to school,
and to a final destination, are now recognized as becoming increasingly
common, accounting for perhaps as many as half of the total trips
(FHWA 1997). For this reason, the extra emissions associated with a
chain of short trips are a growing concern.

The current FTP includes one cold start and, after a 10-min soak with
the engine off, one hot restart over 11.1 miles. It does not directly
incorporate any hot soaks, but those soaks can be an important contribu-

- tor to total emissions in chain driving. For regulatory purposes, hot-soak
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FIGURE 4-7 Driving schedule USO06 test procedure to be used immediately after the
Federal Test Procedure to contribute exhaust 1o a fourth collection bag. Source:
EPA 1996b.

emissions are currently measured separately as part of SHED testing (for
which the standard is based on a maximum total mass of evaporative
VOCs) and thus are not integrated with tailpipe emissions. Hot soaks
and other important aspects of modern driving practices might currently
be misrepresented in the overall certification procedure.

Other sources of evaporative emissions are affected by in-use driving
activities. The major source of unburned hydrocarbons in the fuel
storage and supply system of a fuel-injected vehicle is the fuel-tank vapor
space. The rate at which tank vapors are collected and purged by the
evaporative emissions-control canister (as part of the running losses)
tends to be a function of both driving pattern and engine-on time. For
example, high purge rates are generally associated with high constant-
speed driving, whereas low rates tend to accompany lower-speed driving
with more frequent stops (Kishan et al. 1993).

A departure from FTP conditions that occurs in real driving is the
existence of highway slopes, or grades. A U.S. Depariment of Transpor-
tation survey concluded that 10% of nationwide driving occurred up
grades of 0.5% to 1.0%, 12% up 1% to 3% grades, 7% up 3% to 5%
grades, and 3% up grades of over 5% (EPA 1980). Driving uphill in-
creases the power requirement of the vehicle by an amount proportional
to the grade and the speed of the vehicle. Depending on engine displace-
ment and calibration, the need for extra power can lead to fuel enrich-
ment. In general, the lower the power-to-weight ratio of the vehicle, the



92 OZONE-FORMING POTENTIAL OF REFORMULATED GASOLINE

more likely it is to encounter power enrichment on upgrades. It is im-
proper to focus exclusively on the increased emissions that accompany
increased fuel flow when traveling uphill. A vehicle driven uphill must
eventually travel downhill. Although the mass emissions may be lowered
as the fuel flow is decreased on a downgrade, the extra emissions that
were produced on the upgrade are not exactly canceled by an equivalent
reduction in emissions on the downgrade.

Variable Events

A factor of growing significance that affects emissions is increasing urban
traffic congestion. During peak hours in some cities, expressways built
for high speed resemble parking lots full of vehicles with all their engines
idling. Because of the low fuel rate during idling, it has been concluded
that excess emissions from idling due to traffic congestion are relatively
low in a properly functioning vehicle (Ross et al. 1995). On the other

* hand, the phenomenon frequently observed on urban freeways of alter-
nating between hard acceleration as congestion diminishes and braking
to a stop at the back of a queue results in more fuel consumption and
emissions than if the same distance were covered at a constant speed.
Improved traffic management schemes, including variable message
signing and increased highway automation, are expected eventually to
improve this situation by smoothing traffic flow, but the implementation
of such systems will be gradual. Meanwhile, the differences in power
demand and the random distribution of individual vehicles operating in
these “sawtooth” driving conditions render estimation of their aggregate
emissions very uncertain.

Irrespective of the habits of individual drivers, highway conditions
collectively give rise to important departures from driving norms. Recur-
rent congestion results in trips of longer duration and, concomitantly,
more aggregate engine-on time than would be the case in the absence of
excessive traffic. This in turn can lead, for example, to higher fuel-tank
heating, with increases in the temperature of the fuel itself. Even in
properly functioning vehicles, this might contribute to high running-loss
emissions (Kishan et al. 1993). In late-model vehicles, the tank-heating
problem is being addressed by eliminating the practice of recirculating
hot, unused fuel from the injectors back to the tank.

Another variable environmental factor affecting power requirement is
wind. The power expended in overcoming aerodynamic drag increases
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as the cube of wind speed relative to the vehicle. A car driving 20 mph
into a 20-mph head wind encounters 8 times the aerodynamic drag of -
that same car driving 20 mph in still air. As with grades, however, there
is somewhat of a compensating effect when that same car has a 20-mph
tail wind. In most urban driving, vehicular speed is low enough that the
effect of wind on demand for total vehicular power, hence on fuet con-
sumption and emissions, is much less than would be the case in highway
driving.

Even in the absence of wind, the aerodynamic efficiency and perfor-
mance of a vehicle can be negatively affected by loads such as a rooftop
carrier, which adds drag as well as mass. Puiling a trailer adds rolling
resistance, weight, and drag.

Yet another real-world consideration is the use of air-conditioning. On
the present FTP, increasing the dynamometer load 10% simulates the use
of an air conditioner. That this simple expedient cannot accurately reflect
the influence of the air conditioner on power requirement, hence emis-
sions, is obvious from the fact that when the car is stationary with the
engine idling, 10% of the dynamometer load is zero. In a real car the air
conditioner is extracting more than zero power from the engine while
the vehicle is stationary. The SFTP air-conditioner load cycle is intended
to correct this discrepancy.

EMISSIONS DETERIORATION AND
PROSPECTS FOR DETECTION

The engines propelling recently manufactured cars incorporate technolo-
gies unheard of when emissions regulation began. Electronically con-
trolled port fuel injectors have replaced the carburetor of yesterday. An
on-board computer has been incorporated inio a closed-loop control
system that oscillates the air-to-fuel ratio within a narrow window about
the stoichiometric ratio. This ensures thata three-way catalyst maintains
a high conversion efficiency for VOCs, CO and NO, concurrently, as
illustrated in Figure 4-8. Typically, the on-board computer closes the
mixture-ratio control loop using signals from an inlet airflow sensor, the
fuel injectors, and an exhaust-gas oxygen sensor that indicates whether
the air-to-fuel ratio is being maintained within the desired range. In
addition, exhaust-gas recirculation (EGR) is employed to decrease the
flame temperature for lower NO, emission.

During the cold start that initiates the FTP, the room-temperature
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FIGURE 4-8 [llustration of the range of control efficiency for a three-way catalyst with
respect to NO,, CO, and VOC emissions. Source: Adapted from Canale et al. 1978.

catalyst is ineffective, as illustrated in Figure 4-9. Similarly, the exhaust-
8as oxygen sensor must undergo a warm-up period before it becomes
functional, although that problem is now typically minimized by electri-
cally heating the sensor during starting.

Unfortunately, the ineffectiveness of the cold catalyst coincides with
the need for a rich air-to-fuel ratio to ensure engine starting, because the -
spark plug cannot ignite the air-to-fuel mixture unless the ratio of air to
fuel vapor is within the flammability limits of the fuel. Because gasoline
is a mixture of hydrocarbons with a range of volatilities and the low-
volatility components do not vaporize in the cold-cylinder environment,
extra fuel is needed to jncrease the quantity of high-volatility compo-
nents present to ensure a combustible air-to-fuel ratio for starting.

A consequence of the simultaneous ineffectiveness of a catalytic
converter not yet heated to its operating temperature and the need for
a temporarily rich starting mixture is that, in recent low-emissions cars,
as much as 80% of the FTP VOCs are emitted during the first 1 or 2 min
after the cold start. Also, because of the high conversion efficiency of the
warmed-up catalyst, tailpipe emissions are profoundly affected by exces-
sive deterioration of catalyst efficiency as mileage is accumulated. A
manufacturer makes allowance for reasonable deterioration by setting
emissions performance targets for new cars at a level well below (mmore
stringent than) the 50,000-mile standards.

Given the high conversion efficiency of the contemporary warmed-up

Moror VEHICLES AS SOURCE OF OZONE PRECURSORS 95
§ 1 00 T ) T
-
U -
S 8ok
e
= i
g eor Total HC
2 |
2 40l
=
S i
o 20
=
g 0 L | L
3 200 300 400 500

Temperature (°C)

FIGURE 49 Relationships between catalytic conversion efficiency and catalyst temp-
erature. At ambient temperature, the catalytic converter is ineffective. Source:
Adapted from Heywood 1988.

catalyst, there is strong motivation to decrease emissions during the cold
start by shortening catalyst warm-up time. Conserving heat by insulating
the pipe or pipes connecting the engine to the catalytic converter is now
common practice. Electrically heated catalysts have been tried, but their
acceptance is hampered by concern about the increased drain on the car
battery, an issue particularly worrisome in cold northern winter climates.
A more popular trend is to use a second, or warm-up, converter located
close to the exhaust manifold. This minimizes heat loss upstream of the
catalyst. An additional converter might also be placed downstream of
this warm-up converter.

Although new cars are designed to meet applicable emissions stan-
dards over their useful life, there is a continuing need to verify that
vehicles in the hands of the public are satisfying this objective. Many
tests conducted to monitor the emissions from such vehiclesindicate that
an unsatisfactorily high proportion of them fail to meet expectations in
use (Calvert et al. 1993).

On new vehicles, EPA and CARB use a selective enforcement audit to
spot check emissions performance of manufactured vehicles at the end
of the assembly line. Though manufacturers might perform voluntary
quality assurance checks, provisions of 40 CFR 86.603-88(e) statutorily
limit EPA to auditing no more than one in every 300,000 of each manu-
facturer's model-year production destined for the U.S. market, with
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thresholds in the audit count set at 150,000 units. Therefore, at a pro-
duction level of 450,000 units, there is a transition from one to two
audits; at 750,000 units, from two to three audits, and so forth. For
those manufacturers producing fewer than 150,000 vehicles for the U.S.
market, the annual audit limit is one.

However, if there is evidence of noncompliance with standards, the
EPA administrator can issue additional test orders. If the emissions
failure rate of new vehicles coming off an assembly line is excessive, the
line can be shut down until the problem is fixed. The manufacturer also
must recall and repair any such vehicles already produced.

Vehicles already in use are subject to an after-market, in-use test.
Each year, EPA and CARB select some engine families and ask a number
of owners of vehicles with those engines to submit their vehicles for
testing. These vehicles typically have accumulated 30,000 to 50,000
miles of customer service. An excessive failure rate can trigger a recall.
This approach has been criticized because it is voluntary. The regulatory
agencies cannot force an invited owner to participate, thus imposing an
unintended bias on the test sample. Also, from the sample recruited,
only properly maintained vehicles are tested.

Inspection and Maintenance (I&M) programs have been instituted in
states required to comply with mobile-source air-quality attainment
provisions of the Clean Air Act. The object of such programs is to iden-
tify LDVs that are significantly out of compliance and have them repaired
as a requirement for continued licensing. Previously, this technique was
able to identify two common causes of malfunction in control systems:
misfueling and tampering. Misfueling a catalyst-equipped car with
leaded gasoline led to poisoning of the catalytic converter. With the
removal of leaded gasocline from the market (see Chapter 5), this prob-
lem has been eliminated. In the 1970s, drivers sometimes tampered with
their vehicles by rendering parts of their emissions-control systems
nonfunctional in the belief that it would improve driveability or fue}
economy. Disconnecting a hose to deactivate the EGR system (an NO,
control technique) was an example. The modern control system is so
complex and sophisticated that tampering has become a rarity, and can
often be self-defeating with respect to fuel economy or performance.

I&M can, in principle, detect a malfunctioning contro! system. In
practice, however, the test has been too simplified in most locations to
detect more than a few possible malfunctions. For example, a frequently
employed 1&M technigue involves only measurement of the CO and VOC
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concentrations in the tailpipe of a warmed-up idling engine and possibly
a visual check for tampering. Recent enhancements to I&M procedures,
such as a 240-sec test called the IM240 that mimics the driving loads of
key portions of the FTP, involve operating the engine under load on a
chassis dynamometer. Although not yet uniformly adopted, IM240 pro-
cedures are now employed in areas such as parts of Indiana, Arizona,
and Colorado.

Studies of on-road emissions performance have been conducted using
a remote sensing technique that involves measuring the absorption of
infrared light beamed across a single traffic lane behind a passing vehicle
in normal traffic (Stephens et al. 1997). EPA has granted incremental
emissions reduction credits to 1&M programs that also incorporate such
remote sensing. These measurements suggest that despite all precau-
tions, a significant number of high poliuters exist in the fleet. However,
caution should be exercised in applying this technique (Rossetal. 1995).

A single drive-by measurement provides only a snapshot of the tailpipe
emission. If it measures emissions concentration before the catalyst has
warmed up, or during a heavy acceleration, or during coasting with the
throttle closed, measured resutis correlate poorly with a dynamometer
test, which, in this case, would provide a more-comprehensive reflection
of actual driving conditions. Correlation can be improved by using a
multipass average. _

A number of other studies of in-use emissions have been conducted on
an irregular basis, including repetitions of new vehicle certification tests
on LDVs that have accumnulated mileage in customer service. Inonesuch

study, it was determined that 80% of the stabilized and hot-soak VOCs
came from the worst 20% of the vehicles on the road (AQIRP 1997b).
In another series of tests on 1979 to1989 medels, 62% of the total CO
from the test fleet came from only 7.6% of the vehicles (Ross et al.
1995). To illustrate the significance of these high emitters, if this 7.6%
of the fleet were replaced with a like number of cars having the average
CO emissions of the rest of the fleet, the total CO from the fleet would
be decreased by about 60%. Either repairing high emitters or removing
them from the fleet might be as effective as tightening emissions stan-
dards (Calvert et al. 1993),

As tailpipe-emissions standards become more stringent, evaporative
emissions assume increasing importance. Deterioration of evaporative-
emissions controls in the field has received less study than deterioration
of exhaust emissions controls. In one examination of approximately 300
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in-service vehicles, 15% were judged to have high evaporative emissions
(Brooks et al. 1995). Among the high evaporative emitters, problems
were found with failed gas caps and caps that were either not tightened
properly or completely missing. Such problems are now detected by the
latest on-board diagnostics (OBD-I1). VOC emissions associated with
liquid leaks have also been found. Fuel-hose deterioration, broken or
missing hose clamps, and damaged fuel tanks are among the sources of
leaks. Indications are that vehicles with leaks, althotigh small in number,
can exceed the evaporative emissions of a corresponding nonleaking
vehicle by 1 or 2 orders of magnitude (GAO 1997). A half teaspoon of
leaked fuel represents more VOCs emitted than exit the tailpipe of a car
meeting the current federal standard as it travels over the LA-4 driving
schedule (the first two segments of the FTP).

An inherent shortcoming of deterioration studies conducted on large
samples of in-service vehicles, whether aimed at exhaust or evaporative
emissions, is that they must be restricted to vehicles that have been
driven by the public for enough years for malfunctions to develop. Such
studies do not account for the effects of future improvements, First, as
existing technologies mature, failure rates decrease. Second, gasoline
improvements such as reduced volatility and sulfur content decrease
emissions (see Chapter 5). Third, new technologies continually emerge.
In this latter category is the second generation of on-board diagnostics.

The modern emissions-control system relies on a large number of
sensors to provide inputs to the electronic conirol module. 1t is impor-
tant that these sensors operate as intended. First-generation on-board
diagnostic capability was introduced with the closed-loop control system
in the early 1980s. It checks the function of such key sensors as those
measuring coolant temperature, mass airflow, manifold absolute pres-
sure, and throttle position. Malfunction of any of them illuminates a
"Service Engine Soon" light on the dashboard, signaling the driver to
have the indicated fault corrected by a technician. Second-generation
on-board diagnostics, mandated for all model-year 1996 and later LDVs,
adds functionality checks on important emissions-control subsystems.
For example, the instantaneous acceleration rate of the flywheel is
measured to signal a misfiring spark plug. The evaporative emission
control system is checked for leaks. Satisfactory function of the oxygen
sensor is verified and another check ensures that the EGR valve is work-
ing. Comparing signals from oxygen sensors located upstream and down-
stream of the catalytic converter monitors its effectiveness. EPA expects
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such advanced early-warning diagnostics to lead to prompt correction of
previously undetected malfunctions.

FUNCTIONALITY OF CATALYSTS, OXYGENATED FUELS,
AND EXHAUST EMISSIONS

Modern LDVs are equipped with a three-way catalyst that, with proper
control of the air-to-fuel ratio via the oxygen sensor, promotes oxidation
of most CO and VOCs in the tailpipe to CO, and H,0 and reduction of
most NO, to N,. Moreover, once the catalyst becomes operational, it
most readily catalyzes oxidation of the VOC species with the highest
reactivity, thus reducing the reactivity of the exhaust stream as well as
the total mass of emissions.

Oxygenated fuel makes additional oxygen available to the combustion
process and thus, under appropriate circumstances, has the ability to
decrease CO emissions. Appropriate circumstances exclude closed-loop
operation of the current properly functioning control system because the
oxygen sensor adjusts the air-to-fuel ratio to avoid exhaust oxygen. The
oxygen sensor cannot discriminate between oxygen molecules in the
exhaust that came from air entering the engine and those coming from
the fuel itself. On the other hand, during open-loop operation, as during
a cold start or a full-throttle acceleration, a system that meters fuel in
proportion to airflow without a signal from the exhaust oxygen sensor
will supplement the oxygen in the intake air with the additional oxygen
in the oxygenated fuel. As this effectively makes the mixture leaner,

" some reduction in exhaust CO can be expected. (Chapters 6 and 7 dis-

cuss effects of the presence of oxygenates in the fuel on the total mass of
VOC emissions, as well as the reactivity of those emissions.)

A large fraction of total emissions from the LDV fieet is now known to
atise from vehicles without properly functioning emissions control
systems. Some of these high emitters might suffer from an improperly
functioning catalytic converter. In the limit of a complete failure of the
catalyst, the composition of the vehicle tailpipe exhaust approaches the
composition of the engine exhaust, and the oxygenated fuel may de-
crease engine-out VOC and CO emissions somewhat. However, fueling
such a high-emitter with an oxygenated fuel will not compensate com-
pletely for the loss of conversion efficiency in the catalyst. Also, if the
evaporative emissions control system is defective, the higher RVP typical
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of ethanol-blended RFG might increase evaporative emissions to a’

greater extent than would a fuel having a lower RVP. The significance
of malfunctioning evaporative systems to total VOC emissions from the
vehicle has not been studied extensively. The contribution of high

emitters is expected to increase in the coming decade (Sawyer et al.
1998).

SUMMARY

Regulatory control of emissions from LDVs has become ever more strin-
gent since the passage of the Clean Air Act. Manufacturers have re-

sponded with appropriate control technologies that have become more
effective as they mature.

The contribution of ozone precursors to the national emissions inven-

tory by on-road vehicles has been trending downward, despite a substan-
tial increase in vehicle miles traveled.

Evidence indicates that the proportion of driving time spent in tran-

sient driving maneuvers that depart significantly from those accounted -

for by the current FTP is small, but those departures can contribute a
disproportionate share of tailpipe emissions. Of particular concern are
emissions arising from cold starts and trips with multiple stopovers.
Changes to the certification procedure to account for shortcomings of the
FTP are forthcoming. However, ongoing monitoring of driving profiles
is warranted to ensure realistic integration of tailpipe emissions measure-

ment with the presently uncoupled measurement of evaporative emis-
sions.

The relatively small proportion of high-emitting vehicles presentin the

fleet can add disproportionately to total fleet emissions. Effectively

repairing such vehicles or removing them from the fleet could be the *

single most effective ozone-precursor reduction strategy in the mobile-
source control arsenal. The new generation of on-board diagnostics is
expected to decrease the incidence of high emitters. Meanwhile, an on-
going program that diagnoses the specific emissions-component mal-

functions in high-emitting vehicles could help to avoid high emitters in
the future.

5

Reformulation of Gasoline

FOR THE VAST MAJORITY of light-duty vehicles (cars and smaller trucks),
whose engines are spark-ignited, the propulsion fuel is gasoline. As
described in Chapter 4, the properties of vehicles and how they are
driven influence the quantity of emissions they can generate. The make-
up of the fuel that powers a given vehicle can also have a major impact
on the emissions, from both a mass and a component speciation point of
view. By extension, such a change could exacerbate or mitigate the
effects of chronic human exposure to primary and secondary mobile-
source air pollution. A brief overview of the toxicology of several oxy-
genates in fuels is presented in Text Box 5-1.

This chapter reviews recent state- and federal-regulatory efforts to
protect human health and the environment by means of the modifica-
tion, or reformulation, of motor gasoline——emphasizing the requirements
for the addition of axygen and how that oxygen is provided. A discus-
sion then follows on the properties and laboratory-measured perfor-
mance of these reformulated gasolines (RFGs) with respect to the
amount of ozone precursor emissions (volatile organic compounds
(VOCs), oxides of nitrogen (NO,), and carbon monoxide (CO)) generated
by the vehicles that use them. This discussion is intended to serve as
preface for the review of actual in-use case studies and real-world obser-

. vations of air-quality effects presented in Chapter 6.
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TEXTV Box 5-1 Toxicological Considerations of Oxygenates in Fuels‘

Although this report focuses on the effects of motor-vehicle fuel
composition on formation of tropospheric ozone, earlier reports dealt in
- considerable detail with the toxicologicat-and health effects related to fuel
composition. Two reports that focused specificaily on the effects of
oxygenates in fuels are Toxicological and Performance Aspects of
Oxygenated Motor Fuels (NRC 1996) and Interagency Assessment of
Oxygenated Fuels (NSTC 1997). R
The NRC report reviewed a draft of the interagency assessment, and
~recommended a number of refinements and improvements in the assess-
ment of potential human health risks associated with prolonged exposure to
gasoline containing MBTE and in the assessrnent of the comparative risks
_assoclated with oxygenated .and nonoxygenated fuels. The NRC report
concluded that “untit these recommendations are acted upan, na definitive
_statement can be made regarding these health-risk issues. Based on the
. available analysis; however, it does not appear that MTBE exposure result-
ing from the use of oxygenated fuels is likely to pose a substantial human
health risk, It appears that MTBE-contalning fuels do not pose health risks
-substantially different from those associated with nonoxygenated fuels, but
{his conclusion s less well established and should become the centerpiece
for the governmentfs comprehensive assessment.”
RS T_he,.Interagency‘aSSessment_ report concluded that “it is not likely that
the health effects associated with Ingestion of moderate to large quantities
of ethano!fwould occur from inhalation of ethanol at ambient levels to
which most people may be exposed from use of ethanol as a fuel oxygen-
ate. Potential heaith effects from exposure to other oxygenales are not
known and require investigation If their use in fuels is to become wide-
spread.” Lo S
criv Ina related tsue, in 1998, U.S. Senator Dianne Feinstéin (California)
requested an investigation of possible contamination of the nation's ground-
- water by MTBE and sought help from EPA in dealing with potentially :
“serlous MTBE.-':issues confronting California,-namely, water contamination in
. Ihe state. Moreover; Senator Barbara Boxer had requested that EPA phase
_out MTBE because of mounting evidence of MBTE contamination of Califor-
Nia’s drinking water. :EPA aniounced in.November:1998 that it will: . -
. undertake a pilot site<rentediation demonstration project in' Californta. On -
' March 2521999, -California GovernorGray: Davis 1ssiied Executive Order D-
»5-99; which requires the phase out of MTBE from California gasoline by no
: later than Décember 31; 2002, s AT R
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BASIC PROPERTIES

Trrespective of any regulation of their content, the composition and

‘properties of motor-vehicle fuels are routinely tailored to meert the re-

quirements of the existing and the emerging fleet of automnobiles and
trucks. Costand general availability are obviously major considerations;
in the past, a fuel’s specifications were established by vehicle manufac-
turers, together with the fuel’s producers. Increased concern about air
pollution and health effects from the use of motor-vehicle fuels have
brought the federal and some state governments, through their environ-
mental regulatory agencies, into an increasingly prominent role in deter-
mining fuel composition. Within this regulatory context, fuel composi-
tion has typically been defined by specifications set as a range of proper-
ties, each having a maximum or minimum or both stipulated.

Volatility and Distiltation Curve

Fuel volatility and distillation are related to the composition of vapors in
the gasoline tank and in the fuel delivery system. They are critical to the
proper operation of the engine. For example, a sufficiently high “front
end volatility” is required for cold starting a vehicle and is generally
higher in the winter than in the summer. Fuel volatility is often ex-
pressed in terms of the Reid vapor pressure (RVP), which is defined as
the vapor pressure (or gauge pressure) of a liquid at 100°F, as measured
in a standardized apparatus, or “bomb” (in pounds per square inch
{psi)). A distillation curve can be characterized by the temperatures
(usually in °F) at which 10%, 50%, and 90%, respectively, of the fuel is
distilled (or evaporated). Those temperatures are represented by T,
Ty, and Ty,

Octane Number

QOctane number is a measure of the tendency of a fuel to detonate during
combustion in a standardized variable-compression-ratio “knock”-test
engine in which the compression ratio' is increased until knock is de-

“Compression ratio” is the ratio of the volume of a cylinder with a piston
at bottom dead center to the volume of that cylinder with the piston at bottom
dead center.
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tected. The test results for a fuel are scaled to an octane number of zero
for n-heptane and 100 for iso-octane (2,2,4-trimethylpentane). The sets
of measurement conditions generally applied for determining each
octane-rating component are summarized in Table 5-1.

With the phasing out of tetraethyl lead from motor gasoline,
changes in composition were necessary to maintain the octane number
of the unleaded gasoline so that the current and future fleets of passen-
ger cars could operate properly. This was accomplished by increasing
the content of high-octane hydrocarbons such as alkylated aromatics,
olefins, and branched paraffins. Oxygenated compounds (e.g., alcohols
and ethers) are also high-octane blending components, and their use as
octane enhancers began as early as the late 1960s.

Oxygenates in Fuels

The major components of gasoline are hydrocarbons, whose elemental
make-up includes only carbon and hydrogen. For a variety of reasons,
including a desire to minimize moter-vehicle pollutant emissions, a small
amount of chemically-combined oxygen is sometimes incorporated into
the fuel by adding an oxygenated organic compound to the blend. The
two oxygenated compounds most commonly used as additives in gaso-
line today are MTBE (CH,OC(CH,),) and ethanol (C,H,OH).

The amount of oxygen in a fuel is usually expressed in terms of the
percent of oxygen in the fuel by weight (t.e., wt % oxygen) or the per-
cent by volume of the oxygenated additive (i.e., vol % additive). Table
5-2 presents the values for vol % of ethanol and MTBE that correspond
to a range of wt % oXxygen contents that are typical of RFG blends. Note
that because ethanol contains more oxygen on a per-gram basis than

TABLE 5-1 Test Paramelers for Octane Measurement
Research Octane Number (R) Motor Octane Number {M)

Engine speed, rprh 600 900

Air temperature, °F  60-125 100

Usefulness Provides relative numbers Provides relative numbers
for low-speed, mild-knock for high-speed, high-knock
conditions conditions

NOTE: The antiknock index. 0.5 {R + M}. is commonly used.
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TABLE 5-2 Amounts of Ethanot and MTBE Needed to Produce a Given Oxygen
Content in RFG

Wt % Oxygen Vol % Ethanal Vol % MTBE
1 2.85 5.6

15 43 8.3

2 5.7 11.2

25 7.1 13.9

3.0 8.6 16.7

35 10.1 189

does MTBE, about 50% less ethanol (by volume) is required to produce
a given % wt of oxygen in a fuel than in the case of MTBE. As discussed
later in this chapter, the federal RFG program mandates a minimum 2 we
% oxygen in all RFG biends. In Table 5-2, it is shown that meeting such
a requirement takes a little less than 6 vol % ethanol and a litde more
than 11 vol % MTBE. It turns out however, that when ethanol is present
in fuel at concentrations of a few vol % to about 10 vol %, it tends to
significantly enhance the fuel's RVP.2 As a result, there is a general
tendency for ethanol-containing blends to contain more oxygen (on a wt
% basis) than MTBE-containing blends.

Because the octane numbers for both ethanol and MTBE are rela-
tively high, they are attractive additives for use in lead-free gasoline.
Except where mandated by law, however, oxygenate producers compete
with conventional refining processes for producing high-octane hydrocar-
bons that can be added to gasoline. These conventional processes include
the following:

«  Catalytic cracking to increase the amount of components with
boiling points in the range of that of gasoline and to produce high—octane
olefins and aromatics.

«  Catalytic reforming to convert naphthenes and some paraffins
to high-octane aromatics.

2gmudies indicate that fuel RVP increases as ethanol is initially added. The
greatest RVP increase occurs with an ethanol content of about 5 vol % and is
about 1 psi. For ethanol concentrations greater than 5 vol %, the RVP slowly
decreases. :
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»  Isomerization and alkylation to produce branched paraffins.

In general, those processes can be more economical than those that
produce oxygenates; and thus, oxygenates were not initially the additive
of choice for enhancing octane number in fuels, as discussed later in this
chapter. However, in addition to enhancing octane number, oxygenates
in gasoline can provide air-quality benefits. For example, as discussed
in Chapter 4, use of oxygenates can lower emissions of CO during open-
loop operation (such as warm up) in modern vehicles (i.e., those with
closed-loop feedback control) and in vehicles that do not have closed-
loop controls. There is also some indication that oxygenates can lower
the mass and reactivity of VOC exhaust emissions in some cases (see
Chapters 6 and 7). The presence of oxygenates in reformulated gasoline
has been mandated by law and regulation, and this provides the incen-
tive for using oxygenates to boost octane number instead of using com-
ponents produced by conventional processes.

All things being equal, the choice of which specific oxygenate to use
would be dictated by economic factors; that is, which oxygenate can
produce the desired gasoline characteristics (e.g., high-octane number)
at the least cost. The principal production method for ethanol used in
gasoline is fermentation of carbohydrates from grain (mostly corn):

carbohydrates (e.g., sugars) + yeast — ethano!l (C,H,OH) + residue.

Ethanol is also produced in petrochemical facilities through ethane-
ethene synthesis:

C,H, —» CH, + H,
C,H, + H,0 - C,H,OH.

MTBE, on the other hand, is produced in a two-step process, with petro-
chemical synthesis employed to manufacture methanol from natural gas:

CH, + H,0 - CO + 3H,
CO + 2H, —» CH,0H.

2-Methylpropene is manufactured from 2-methylpropane:

CH,CH(CH,), - CH, = C(CH,), + H,
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MTBE is then produced by reacting methanol with 2-methylpropene:
CH,OH + CH, = C(CHj), = CH;0C(CH,),.

This multistep process makes use of readily available inexpensive feed-
stock and enables MTBE to be produced at a cost that is generally less
than that of producing ethanol by grain fermentation. However, in the
United States, tax subsidies have made ethanol production via fermenta-
tion competitive with MTBE production. Because the committee was not
asked to address this aspect of the RFG issue, the economic imphcanops
of using MTBE versus ethanol as an oxygenated additive are not dis-
cussed in this report. A discussion of the potential air-quality benefits of
the two oxygenates is presented in Chapter 7.

Sulfur in Gasoline

Sulfur (combined chemically in the organic components of the fuel) is a
trace impurity of gasoline. Reductions in gasoline sulfur content can
substantially improve catalytic-converter performance (AQIRP 1992), as
well as lower sulfur dioxide (SO,) emissions. Sulfur’s effect in impairing
the funetion of a catalytic converter by poisoning the catalyst is believed
to be reversible. Removal of sulfur to a low weight-percent of gasoline
(i.e., <100 parts per million (ppm) by weight) can be accomplished by
hydro-desulfurization of catalytic, thermal, and virgin naphtha.

FEDERAL AND CALIFORNIA REGULATION OF
GASOLINE PROPERTIES

History of Federa! Actions Befare 1994

The first federally mandated gasoline reformulation in recent history was
the staged removal of the octane-enhancing additive tetraethyl lead from
all motor gasolines. In general, the function of the oxidizing exhaust
catalyst of a vehicle is impaired when the vehicle is operated with lez_lded
gasolines. In anticipation of the introduction of catalysts to the llght-
duty motor-vehicle fleet in 1975, the U.S. Environmental Protection
Agency (EPA) began phasing out leaded gasoline in the early 1970s (EPA
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1973). A subsequent EPA rule restricted the lead content of any gasoline
to 2 maximum 0.1 grams per gallon (g/gal) as of January 1, 1996, to
achieve reductions in the inhalation exposure of humans (especially
young children) residing in urban areas to airborne lead. Up to 1995,
trace amounts of lead (up to 0.05 g/gal) could still be included in gaso-
lines, but thereafter gasolines in the United States were mandated to be
essentially tead-free.

Because lead had been in gasoline for many years to enhance com-
bustion performance (by increasing its octane rating or antiknock index),
a comparably effective substitute additive was desired. Initially, lower
paraffins, such as butane, offered the combination of octane enhance-
ment and cost-effectiveness that refiners sought because they boosted the
rating sufficiently at relatively low concentrations. However, butane in
particular evaporated readily, having an RVP of about 58 psi and also
volatilized other reactive hydrocarbons in the gasoline. The result was
an industry-average gasoline with an RVP as much as 2 to 3 psi higher
during the ozone season than that of the EPA certification test gasoline.

Through about 1987, discrepant volatility was not an issue because
excursions of the 1-hr ambient ozone concentration standard of 0.12
ppm in most locations had been in steady decline. However, the sum-
mer of 1988 witnessed some of the worst ozone excursions on record
(see Chapters 4 and 6). These excursions were widespread and often of
long duration because of unusually protracted hot and sunny conditions
and air stagnation over much of the nation. The ozone excursions led to
speculation that evaporation of the then-common high-volatility summer
gasoline, in use and in bulk storage, was a major contributor to the mass
of VOC emissions giving rise to these ozone episodes. A seminal com-
pendium of peer-reviewed research results, at that time, identified reduc-
tion of gasoline volatility as the most effective means then available to
reduce anthropogenic VOC emissions attributable to mobile-source
activity (NAPAP 1991).

The air-regulatory structure created under the National Environ-
mental Protection Act (Public Law 91- 190) of 1969 and the Clean Air Act
(CAA) Amendments of 1970 had sought to substantially reduce transpor-
tation’s contribution to the ozone problem through an almost exclusive
programinatic focus on motor-vehicle manufacturers (Chapter 4). The
core of this structure was a set of increasingly stringent per-vehicle
emissions standards (shown in Tables 4-1 and 4-2) called the Federal
Motor Vehicle Control Program. Beginning in 1989, the structure ex-
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panded to encompass the fuels industry, especially petroleum producers,
in the quest for greater control of emissions from gasoline-powered
vehicles. Following initiatives taken by individual states, such as Colo-
rado, EPA promulgated a rule that set upper RVP limits for gasoline sold
during the ozone season throughout the nation (EPA 1989). The limits
were determined, in part by meteorology, but largely by average summer
temperatures. These limits were subsequently redefined and made more
stringent for 1992 and later years (EPA 1990). This initial foray by the
federal government into using fuel properties to aid in ozone mitigation
efforts was then substantially expanded by the passage of the Clean Air
Act Amendments of 1990, which mandated the federal RFG program.
The key aspects of this program are discussed later in this chapter.

Corresponding California Actions

Various regions of California exceed the air-quality standards for ozone
several times per year, and the Los Angeles area is generally recognized
as having the most severe ozone pollution problems in the nation.
Perhaps, for this reason, California has often led the nation in the pro-
mulgation of new and creative approaches to ozone-polution mitigation,
and regulation of gasoline is no exception. Requirements for fuel modifi-
cations in California have existed since 1971 when RVP limits were
mandated. Through the 1970s, requirements were also promulgated for
quantities of lead, sulfur, and manganese-phosphorous in gasoline and
sulfur in diesel fuels.

The California Clean Air Act of 1988 imposed additional require-
ments on mobile sources to (1) achieve maximum emissions reductions
of VOCs and NO, by the earliest practicable date; (2} achieve feasible
reductions in particulate mass (PM), CO, and toxic-air contaminants; and
(3) adopt the most effective control measures on all classes of motor
vehicles and their fuels. In response to this, the California Air Resources
Board (CARB) adopted the California RFG regulations to require cleaner-
burning gasoline. This program is a critical component of California’s
State Implementation Plan (SIP) to reduce air pollution, and will also
meet the requirements of the federal RFG program some 3 to 4 years
earlier than that mandated in the CAA Amendments of 1990. Motor-
vehicle-exhanst emissions standards were further specified under Califor-
nia’s Low Emission Vehicles and Clean Fuels Program.
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The Auto/0il Study

A key principle first manifested in the concept of an RFG program is the
concept that a vehicle and its fuel are an integrated system for which
emissions controls should be fashioned to derive the optimum benefit
from each of the system’s components. In acknowledgment of this prin-
ciple, the auto and oil industries initiated the Auto/Oil Air Quality
Improvement Research Program (AQIRP) in 1989. The purpose of AQIRP
was to develop data on potential improvements in vehicular emissions
and air quality that could be realized through the use of RFG, various
alternative fuels, and the development of automotive technology (Burns
et al. 1992) 2

AQIRP sought to identify those fuels and formulations that could be
most effective in reducing ozone precursors without compromising
driveability or substantially increasing the cost (per gasoline- or diesel-
equivalent range) of driving. The program was motivated in part by the
perception that the crafting of gasoline should be completely rethought,
such that the entire range of its potentially health-harmful constituents,
including sulfur, aromatics, and reactive olefins, should be subject to
limits. The AQIRP findings have served as the cornerstone for the design

of both the federal and California RFG programs, and are discussed in
depth in Chapter 6. ‘

WHAT IS REFORMULATED GASOLINE?

There are currently in the United States two RFG programs: a federal
program mandated in Section 211(k) of the CAA and a California pro-
gram. The California program precedes the federal program by about 3
to 4 years. Both the federal and California programs are to be imple-
mented in two phases. (To avoid confusion, Arabic numerals are used
in this report to identify Phases 1 and 2 of the California program, and
Roman numerals are used to identify Phases I and 1I of the federal
program.} The general characteristics of the two programs are outlined

* Three U.S. automobile companies (Ford, General Motors, and Chrysler)
and 14 petroleum companies (Amoco, ARCO, Ashland, BP, Chevron, Canoco,

Exxon, Marathon, Mobil, Phillips, Shell, Sunoco, Texaco, and Unocal) planned
and carried out AQIRP.,
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in Table 5-3 Parts 1 and 2. (The tables are not intended to provide a
comprehensive presentation of the programs’ requirements.)

The federal and California RFG programs are specifically aimed at
mitigation of the ozone-pollution problem through the reduction of light-
duty-vehicle (LDV) emissions of VOCs, CO, and NO,. These programs
should not be confused with oxygenated fuels programs, such as the
Federal Oxygenated Fuels Program (see Table 5-4), which seeks to lower
motor-vehicle emissions of CO to avoid nonattainment of the National
Ambient Air Quality Standard (NAAQS) for CO. Because CO pollution
is typically most severe in the winter months, the oxygenated fuels
program generally seeks to regulate fuel composition during those
months. By contrast, the RFG programs tend to prescribe content and
volatility of gasoline sold during the summer ozone season.

Federal RFG Program

In general terms, the federal concept of RFG, as of January 1, 1998, is
gasoline blended such that, on average, the exhaust and evaporative
ermissions of VOCs and air toxics (chiefly benzene, 1,3-butadiene, polycy-
clic organic matter (POM), formaldehyde, and acetaldehyde) resulting
from RFG use in motor vehicles are significantly and consistently lower
than such emissions resulting from use of conventional gasolines. In a
legal context, a gasoline is reformulated if the EPA administrator has
certified that it meets all specifications of the CAA. Section 211 of the
CAA codifies the redefinition of gasoline to be sold in areas failing to
achieve ambient air-quality standards for air poliutants linked to emis-
sions of CO, nonmethane hydrocarbons (NMHCs), and NO,. As de-
scribed in Chapter 2, all three are precursors for tropospheric ozone
formation. (CO and nitrogen dioxide (NO,) are also subject to ambient-
concentration standards because of their direct impact on human
health.) :
As indicated in Table 5-3 Part 1, nine metropolitan areas are speci-
fied for application of the federal RFG program. Before passage of the
CAA Amendments of 1990 that codified these requirements, EPA had
already concluded that those areas would require an arsenal of new
weapons to combat their ozone problems, and that changes in the
composition of motor fuels would play a key role. Subsection 211(k)
(10)(D) officially defined those areas as the “covered areas” for use of



TABLE 5-3 Part 1: California and Federal Reformulated Gasoline Programs®

California RFG Program, Phase 1
{1992-19986)

Federal RFG Program, Phase |
{1995-1999)

Effective January 1, 1992,

Set gasoline RVP limit at 7.8 psi.

Required detergent additives and no lead in gasoline.
No explicit oxygen requirement for summer gas.

« * & -

California RFG Program, Phase 2
{1896-)

« Effective with beginning of 1996 ozone season,
s Set fiat limits for the following properties:

* RVP: 7.0 psi {gauge}
* Sulfur: 40 ppm (vol)

* Oxygen: 0-2.7% (wt)

» QOlefins; 6.0% {vol)

» Aromatics:  25% {vol)

« Benzepe: 1.0% (vol)

» Temperature at which 50% of fuel is distilled/vaporized
{Tso): 210°F, )

» Ternperature at which 90% of fuel is distilied/vaporized
(Taa): 300°F,

* NMeets federal Phase I} RFG specification and perfor-

* mance requirements (see Table 5-3 Part 2} exceptthat
oxygenate content requirement may be waived if a refiner
demonstrates, through emissions test resuits for 20
vehicles in four technology classes, that a fuel's exhaust-
emissions performance targets can be achieved without it.

* Mandated in 42 U.S.C, 7545 as a result of language in
Section 211{k} of the CAA Amendments of 1990,

* Effective beginning 1/1/95 in the 9 metro ozone-
nonattainment areas with population of 250,000 or greater
classified as “extreme” or “severe” as of 11/15/90;

¢ los Angeles {South Coast Air Basin)

« San Diego

+ Baltimore/Washington

s Hartford-New Haven-Waterbury, CT

New York/New Jersey/SW Connecticut
Philadelphia/Wilmington/Trenton

Chicago/NW Indiana

Milwaukee/Racine, Wl

Houston/Galveston/Brazoria, TX

{Sacramento, CA was later added)

« Specified content criteria for gasolines to be sold in
these areas primatily during the summer ozone season:
oxygen minimum of 2.0% by wt; benzene maximum of 1.0%
by vol; aromatics maximum of 25.0% by vol; must contain
detergent additive; must exclude heavy metals.

» Pergallon performance requirements: 15.0% reduction
in toxics; at least 15.6% northern states; 35.1% southern
states; reduction in VOC relative to specified baseline gaso-
line, as computed by Complex Model (Simple Mode! valid

until 1/1/98}.

clt

« Properties may be measured according to an average
limits provision, as long as the ftat limits are met on aver-
age over a specified period of time.

+ RFG performance relative to that of a specified base fuel
for exhaust emissions onfyis calculated with the Predictive
Model, which California developed using approximately the
same data base that EPA used in developing the Complex

Model,

« Average performance requirements {across all RFGs
from a refiner): at least 16.5% reduction in toxics; at least
17.1% northern states, 36.6% southern states; reduction in
YOCs as computed by Complex Model (Simple Model valid
until 1/1/98}. .

» RVP limits based on 40 CFR 80.28 standards, which
cover all gasolines sold. Other areas may opt in to program
irrespective of ozone attainment status and may opt out if
alternative means of attaining {and maintaining) ambient
ozone standards are demonstrated.

*Unless otherwise stated, standards.for the first phase of both programs carry forward to the second phase.

£T11



TABLE 5-3 Part 2: Future Reformulated Gasoline Program

Federal RFG Program, Phase |l
{2000-)

» Effective January 1, 2000. :
* Revises per-gailon performance criteria for gasofines to be sold in covered and optin areas during the ozone
season: at least 20% reduction in toxics; at least 25.9% (northern states) and 27.5% (southern states) reductian in VOCs;
and at least 5.5% reduction in NO, (which was not previously controlled) for VOC-controlled areas: relative to specified

baseline gasoline, as computed by the Complex Model.® {See Table 5-6.)

» Similarly, if a refiner opts to meet performance criteria on a poaled average (rather than per-gallon} basis as
described in 40 CFR 80.67, targets are at least 21.5% reduction in toxics; at least 27.4% (northern states) and 29.0%
(southern states) reduction in VOCs (but 23.4% and 25.0%, respectively, for any individual gallon sampled); and at least
6.8% reduction in NO, for VOC-controlled areas; all refative to specified average baseline gasoline, as computed by the
Complex Model, :

* For areas not designated VOC-controlled,” the pooled average NO, reduction standard for RFGs is 1.5%.

¢ Per-gallon oxygen minimum requirement relaxes to 1.5% by wt as fong as an average oxygen content across afl
RFGs produced by a refiner for a given area is 2.1% or higher. '

_* Pergallon benzene maximurm requirement relaxes to 1.3% by wi, as fong as an average henzene content across
all RFGs produced by a refiner for a given area is 0.95% or lower, :

*Optin areas are listed in Table 5-5.

FIT

TABLE 5-4 Federal Oxygenated Fuels {Oxyfuels) Program (1992- )

¢ Mandated in 42 U.5.C. 7545 as a result of language in Section 211{m) of the CAA Amendments of 1990,
+ Justified based on the apparent success of winter gasoline oxygenation programs established from 1988 onward

by states such as Colorado.

» Effective no later than 11/1/92 for any area with a CO design value {nonattainment ambient concentration level)
of 9.5 ppm and above as of 11/15/90 (on 11/1/92 there were a total of 23 qualifying areas, exciuding the 8 in Califor-
nia that were separately controlled by CARB regulation from November 1992).2

« Reguires gasoline soid in such areas during the winter (high-C0O) season to contain not less than 2.7% oxygen by
wt {over a minimum period of 4 months) but controls no other paramefer.®

* Provides, pursuant to CAA Section 211(m)(2), that the EPA Administrator may waive these requirements for any
area in which they would interfere with the attainment of a national, state, or local ambient air-quality standard for any

poliutant other than CO.
= Otherwise, there is no "sunset” provision for the program, except for any qualifying area that attains the CO

standard and demonstrates that it can maintain it without the use of oxygenates.

aCalifornia began using oxygenates in November 1992 to comply with federal requirements for the control of GO, and
implemented a modified form of the Federal Oxygenated Fuels Program to reduce ambient CO in 1992 in approximately 40
nonattainment areas {Kirchstetter et al. 1996). The periods in which oxygenates were reguired depended an location, but all

were in the range of October 1 through February 29.
*California's adopted requirement is lower at 1.8% to 2.2% due to concern about NO, formation.

611
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summer RFG. In addition, the subsection allowed for participation of
any other nonatiainment areas wishing to opt in to the gasoline content
regulations. Table 5-5 lists these so-called RFG voluntary opt-in areas as
of May 1, 1998.

The intent of Congress in formulating the federal RFG program was
to ensure the participation of oxygen and oxygenate constituents in the
modified-gasoline composition. The addition of oxygen at a minimum
of 2.7% content by weight to winter-blended gasoline as a means to
control CO emissions was required on a national basis for CO nonattain-
ment areas outside California in CAA Section 211(m)(2). Further, as
part of the federal RFG program, the EPA Administrator was instructed
by CAA Section 211(k)(2)(B) to set content requirements for oxygen,
benzene, and aromatics in any gasolines. For oxygen, the section re-
quires a minimum of 2.0% by weight; for benzene, a maximum of 1.0%
by volume; and, for aromatics, a maximum of 25% by volume. Such
gasolines were also prohibited from containing heavy metals and from
excluding detergent additives. Subsection 211(k)(7) also provides fora
determination of credits for refining gasolines certified to a greater
stringency (i.e., less benzene or aromatics, more oxygen) than that
stipulated by the stated limits.

Indeveloping regulations to implement the requirements of the CAA
Amendments of 1990, specific per-gallon emissions-reduction targets for
RFGs were set for each of two VOC-control regions: those generally in
the northern tier of states, with summer baseline gasolines in the 9.0-psi
RVP range, and those generally in the southern tier, where summer

gasoline has RVPs of 8.0 psi and lower. Such a distinction reflects the -

TABLE 5-5 Federal RFG Opt-in Areas As of July 1998

Connecticut (entire state)

Delaware {entire state)

Washington, DC {including MD and
VA suburbs)

Louisville, KY

Auburn and Portland, ME

Lewiston, Knox, and Lincoln

Massachusetts {entire state)
Boston-Lawrence-Worcester portion,
MA and NH
. New Jersey {entire state)
Duchess and Essex Counties, NY
Rhode Island {entire state)
Dallas-Ft. Worth, TX

Counties, ME Richrmond, VA
Kent and Queen Anne's Counties, Norfolk, Virginia Beach, and
MD Newport News, VA
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historical industrial practice where southern gasoline had lower RVP
than northern gasoline to compensate for higher ambient temperatures.
(The covered areas outside California that fall into the southern tier
include only the Houston-Galveston-Brazoria, Texas area, and the recent
opt-in areas of Dallas-Ft. Worth, Texas; and the Richmond and Tidewater
metro areas of Virginia.) A target of 15% reduction for toxics and at
least 15.6% for VOCs was defined for northern-tier ozone control re-
gions; the southern-tier VOC-reduction target was 35.1%. As described
below, these targets are to be computed using the so-called “Complex
Model.” Following the mandatory introduction of Phase 1l RFG afier
December 31, 1999, the targets rise to 20% minimum reduction for
toxics and 25.9% reduction of VOCs (or at least 23.4% on a year-round
averaged basis for certified RFGs) for northern-tier RFGs; and a 27.5%
reduction of VOCs (at least 25.0% on a year-round averaged basis) for
southern-tier RFGs. Phase I1 RFG is also required to reduce exhaust
emissions of NO, by 5.5% in both VOC-control regions, relative to a
defined baseline gasoline.

California RFG Program

* In 1991, shortly after passage of the CAA Amendments of 1990 and the

establishment of the federal RFG program, CARB adopted the California
RFG regulations to require cleaner-burning gasoline. This program is
now a critical component of California’s SIP (State Implementation Plan)
to reduce air pollution and meet the requirements of the CAA. Phase 1
requirements, effective January 1, 1992, required: (1) an RVP limit of
7.8 psi; (2) deposit-contro! additives to prevent and reduce deposits; and
(3) elimination of leaded gasoline from on-road motor vehicles.
Refiners were required to begin making California Phase 2 RFG in
March 1996 (Cal EPA 1996) and the gasoline was introduced statewide
in the summer of 1996. As indicated in Table 5-3 Part 1, California
Phase 2 REG was required to limit specific fuel properties: RVP to reduce
evaporative VOCs; sulfur content to avoid catalyst poisoning and thereby
reduce VOCs, NO,, CO, and toxic emissions; aromafics content to reduce
the atmospheric loading of mono- and potycyclic hydrocarbons linked to
ozone formation; olefins to reduce VOC emissions reactivity; and ben-
zene content to decrease emissions of this regulated toxic substance.
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Phase 2 also has an oxygen requirement of 1.8% to 2.2% by weight
during the winter or CO-contro! season.® {Recall that there is also a
minimum winter oxygenate content standard of 1.8% by weight for those
areas that have to comply with federal RFG requirements for CO (see
Table 5-4)).

Introduction of the federal Phase II RFG program will begin in the
year 2000. Because the California Phase 2 RFG program was initiated
in 1996 and satisfies the requirements of the federal Phase II program,
it offers an opportunity to determine the effect of Phase I1 RFG before its
more general introduction. This aspect of the RFG program is addressed
in Chapter 6.

California allows four methods for determining the fuel properties
for RFG. First, there is a flat-limit provision (listed in Table 5-2 Part 1)
whereby all of the fuels from a given refiner at all times must meet the
standard. Second, there is an average-limit provision, whereby the
refiner can average gasoline properties over time, but with caps (upper
limits) on properties that cannot be exceeded in blending. Third, refin-
ers can produce market-equivalent gasoline formulations evaluated with
the California Predictive Model (Cleary 1998). Fourth, refiners can
produce market-equivalent formulations evaluated by emissions testing.
The emissions-testing option for alternative property limits requires
testing 20 vehicles in four technology classes with different vehicles and
considering only exhaust emissions. (For reasons of practicality, refiners
tend to rely on the Predictive Model instead of emissions testing.) Cap
limits and constant RVP were imposed on the property limits. In prinei-
ple and in contrast to the federal Phase Il RFG requirements, a fuel can
be certified for Phase 2 of the California RFG program through emissions
testing without having any oxygenates.

FEDERAL REQUIREMENTS FOR RFG UNDER
THE COMPLEX MODEL

In a final rule of February 16, 1994 (EPA 1994), EPA articulated require-
ments for RFG blends eligible for sale during the ozone season in the

“An oxygen content of 2% by weight is equivalent to an MTBE concentra-
tion of 11.2% by volume, or an ethanol concentration of 5.7% by volume,
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covered and opt-in areas. These were based upon Simple and Complex
Models to determine the allowable maxima and minima of regulated
constituents. Either model could be used for determining formulation of
gasoline for federal RFG through December 31, 1997. After that date,
only the Complex Model could be used for Phase I and then for Phase 1i,
which begins in the year 2000. Because the Simple Model is no longer
being used, only the Complex Model will be discussed here. '

The Complex Model provides values of emissions due to modifica-
tion of fuel properties with respect to RVP, oxygen by weight-percent,
benzene content, sulfur, olefins, and distillation fraction (at 200°F and
300°F). The values are generated by a set of regression relationships
derived by EPA from tests on differing fuel formulations performed in the
1980s and early 1990s on gasoline-fueled cars and trucks of numerous
model years (and emissions-control technologies). Many hundreds of
tests were involved. The regulation defines both summer and winter
baseline fuel properties with respect to eight content variables, and from
these derives baseline exhaust emissions of VOCs, NO,, toxics, and
polycyclic organic matter, and evaporative emissions of VOCs and ben-
zene as the basis of comparison for both federal Phase I and Phase II
RFG. There is further allowance for the difference between normal and
high emitters, such that emissions-reduction credit for each season and
RFG phase must be weighted between them. The complete set of r_)er.for-
mance calculation equations for federal Phase Il RFG summer emissions
in the Complex Model is provided in Appendix C. The appendix shows
the various (flat and variable) fuel-content standards and emissions
standards of performance to be computed using the Complex Model that
Phase II RFG must meet.

The Complex Model is complex because it separates the consider-
ation of fuel properties and the calculation of a fuel’s emissions perfor-
mance into many different classification bins that vary by geographical
region, season, RFG phase, emitter category, and range of parame_ters of
fuel constituents. All emissions comparisons rest on EPA’s definitions of
baseline fuel properties and emissions {Table 5-6).

THE CALIFORNIA PREDICTIVE MODEL

The California Predictive Model is based only upon exhaust-emissions
measurements. Because evaporative emissions represent a substantial
fraction of the total VOC emissions from LDVs, their omission represents



TaBLE B-6 Base and Example Ozone Season Phase Il RFG Requirements

Fuel Parameter Baseline Value Qualifying Phase ] RFG Value
Benzene (vol %) 1.53 £1.00

Oxygen Content (wt %) 0.0 2.0

RVP {psi) B.7 ' 6.8 [expected average)
Aromatics content {vol %) 32.0 -2

Sulfur (ppm) 339 —*

Dlefins (vol %) 9.2 : —

200°F distillation fraction 0.41 R

300°F distiliation fraction .83 C =2

Required % reduction from baseline computed from
Complex Model for (a) per galfon or {b) pooled average

Emission category Baseline value {mg/mi) over all of any refiner's RFG output
Exhaust VOCs 907.0 {(a) 227.5, {b} »29.0 {southern)} sum of exhaust VOCs
+ nonexhaust® VOCs
Nonexhaust VOCs 559.31 (for southern states)  ({a) 225.9, (b} =27.4 {northern)) sum of exhaust VOCs
492,07 (for northern states)  + nonexhaust® VOCs
NO, 1,240.0 NO, minimum reduction requirements removed effec-
tive 1/1/98
Exhaust benzene - B3.54 -t
Naonexhaust benzene - . 6.24 (southern) -
5.50 {northern) -
Acetaidehyde 4.44 -t
Formaldehyde 9.70 —c
1,3-Butadiene 9.38 —c
Polycyclic organic matter 3.04 -

Additional FuelContent Requiremerts

Oxygen content (wt %) {a) =2.0; (b} 22.1

Per-gallon minimum O, under option b (wt %) 15
Year-round maximum O, (wt %) 2.7 (MTBE)

‘ 3.5 (ethanol)
Benzene content {max. vol %) {a) 1.00; (h) 0.95
Per-gation maximum benzene under option b (vol %} 1.5

*Any combination of aromatics content, sulfur, olefins, 200° distiltation fraction, or 300°F distillation fraction, that

callectively results in the target fuel meeting the performance levels for the pollutants shown in the table.
bf gption b is selected, per-galion percent reduction requirements of 25,0 (southern states) and 23.4 {northern states}

still apply.
‘Collective percent reduction requirement for benzene in exhaust and nonexhaust, acetaldehyde, formaldehyde, 1,3-
butadiene, and polycyclic organic matter is »20.0 per gailon or 221.5 as a pooled average.

0gt
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a serious limitation of this model. The model is derived from data
collected from 20 different test programs that investigated the relation-
ship between fuel properties and exhaust emissions. In the course of
these studies, over 1,000 vehicles were tested using 200 different fuels.
In spite of the rather large numbers, many fuels were evaluated on a
rather small set of vehicles. Only two vehicle types were modeled: 1980-
1985 model years (i.e., the Tech 3 class), and post-1985 model years,
(the Tech 4 class). Caps limited the range of fuel-property values, and
RVP was held constant and not treated as a variable in the regression
formula. Perhaps holding RVP constant was the basis for the neglect of
evaporative emissions; however, neglecting those emissions biases the
overall emissions estimates for the vehicle fleet. The resulting model
consists of a series of regression equations that describe the exhaust
emissions of NO,, VOCs, and potency-weighted toxics as a function of
various properties of the fuel blend. For example, the NO, and VOC
emissions for the Tech 4 class (in units of percent reduction from a
California Phase II reference fuel) are given by

Tech 4 (NO,) = A + B(T,,) + C(Ty) + D(Aromatics) + E(Olefins) +
F(0,) + G(Sulfur) + H(Aromatics x 0,) + 1(0,)?,

Tech 4 (VOC) = A + B(T,,) + C(T,, }+ D(Aromatics) + E(Olefins) +
F(Oy) + G(Sulfur) + H(Tg, X Te) + Ty X Tyo) +
J(Tgs X O,) + K(T,, X Aromatics) + L(Aromatics)?,

where the coefficients are given in Table 5-7.

There are different formulas for Tech 3 vehicles; these are not
inchided here for brevity. For a fuel to qualify for the program, the
model-predicted emissions for the proposed blends must be less than the
California default limits. Refiners use the model to validate their blends
and to adjust limits of fuel properties to fit refinery operations. '

PERFORMANCE AND RELIABILITY OF
COMPLEX AND PREDICTIVE MODELS

The Complex Model and Predictive Mode! were designed to predict
reductions in the mobile-source emissions of NO,, VOC, and toxics as a

result of the use of RFG. The models are used to certify a candidate fuel

for the federal RFG program (Complex Model) or California RFG pro-
gram (Predictive Model). Because oftheir limitations as discussed in this
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TABLE 5-7 Coefficients for the California Predictive Model for Tech 4 Vehicles

Coelfficient Tech 4{NO ) Tech 4{VOC)

A 6.82 x 10? -1.16

(+] 1.95 x 10° 7.64 % 107
C -220x10° 3.89 x 10%
D 414 % 10° 1.37 x 107
E 2.59 x 10? -6.87 x 10°
F -8.99 x 10°* -1.04 x 102
G 5.01 x 10°? 1.17 x 101
H -5.79x 10° 2.58 x 10?
| 1.35 x 107 1.82 » 10?
J 1.51 x 107
K 1.21 x 10?
L -1.20 x 10?

1eport, these models are not used routinely to generate input data for
regulatory air-quality models to assess the ozone reductions. In Chapter
7 of this report, the Complex and Predictive Models were used to evalu-
ate the relative benefits of RFG with and without oxygenates and with
various amounts and types of oxygenates. For these reasons, some
discussion of the reliability of the models and their attendant uncertain-
ties is in order.

Both the Complex and Predictive Models are based on statistical
analyses of a large number of tests and the data used to develop both
models are similar. Nevertheless, substantial differences exist. Some of
these differences make comparison between the models cumbersome.
For example, the Complex Model yields mobile emissions from a given
RFG in units of milligrams per mile and the Predictive Model yields the
percent reduction in the emissions from a given RFG blend relative to the
so-called California Phase 2 reference fuel. There are also more-substan-
tive differences. Probably most glaring of these is the fact that the
Predictive Model ignores evaporative emissions. There are also differ-
ences of a more-subtle nature—e.g., the Predictive Model adopts a linear
relationship between NO, emissions and olefin content, and the Complex
Model includes a linear and a quadratic term. As illustrated below, these
differences can produce significant discrepancies between the results of
the two models.
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Figure 5-1 compares the Predictive and Complex Models’ calculated
reductions of NO, and VOC emissions for four illustrative RFG formula-
tions. (A more detailed discussion of how various RFG formulations fare
using the Predictive and Complex Models is presented in Chapter 7.)
Note that in all four cases and for both models, the use of RFG is pre-
dicred to lead to substantial emissions reductions relative to the federal
baseline fuel (see Table 5-6). This is perhaps not surprising because RFG
isintended to perform better than baseline fuels. However, this does not
have to be the case a priori, and, in fact, there is evidence that an in-
crease in emissions can result in some instances (Weaver and Chan
1997). :

Inspection of Figure 5-1 indicates a good deal of consistency be-
tween the two models. For example, both models predict substantial
benefits from the use of low sulfur fuel (i.e., ~90% reduction in suifur
relative to baseline fuel). (Indeed it appears that the use of low sulfur
fuel will be critical to meeting the Phase I RFG requirements for VOC
and NO, emissions.) On the other hand, the models tend to diverge in
their simulations of the effects of oxygenates. In the case of NO,, the
Complex Model shows a slight increase in emissions with the use of
oxygenates, but little difference between the moderately and highly oxy-
genated fuels. However, the Predictive Model produces a varying effect,
with little change with a moderate amount of oxygen and an increase in
emissions with a high amount of oxygen. It is likely that this difference
arises from the aforementioned different formulas used by the models to
represent the effect of oxygenates on NO, emissions. In other words,
while both models are based on similar data, their different sets of co-
variates and associated parameters have apparently generated small, but
non-negligible inconsistencies between model results. In the case of VOC
emissions, the differences in the model results are far more substantial.
For example, the Predictive Model yields greater emissions reductions as
the oxygen content is increased, while the Complex Model predicts de-
creasing emissions reductions with the use of fuel with high amounts of
oxygen.

The discrepancies illustrated in Figure 5-1 point to the possible exis-
tence of specific problems with one or both of the models. There are

also some more-general concerns that need to be borne in mind. The use .

of the Complex and Predictive Models requires a substantial extrapola-
tion of measured emissions from a sample set of motor vehicles operat-
ing under controlied test conditions to real-world emissions from a fleet
of motor vehicles using one or more RFG blends. As discussed in Chap-
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A. NO, Emlisslons

TR ek TR T Dcomp[ex
RFGF M pregiciive

RFG-C1

RFG-63

RFG-64

T T T T

40 45 50 55 60

% Reduction fiom Federal Base

B. VOC Emissions

ElComplax
FGF _
R W predictive

10 20 30 40 50 60 70
% Reduction from Federal Base

EIGURE 5-1 Recent reductions in the mobile-seurce emissions from four ilustrative
RFG blends relative to the federal base fuel (see Table 6-1) as predicted by the EPA
Complex Model and the California Predictive Model. The reductions were deter-
mined assuming emission rates from federal base fuel of 1340, 907, and 500
mg/mi for NO,, exhaust VOC, and evaporative VOC, respectively, and emissions from
California Phase 2 reference fuel of 569 or NO, and exhaust VOC, respeclively.
Abbreviations: F, low aromatics; C1, low sulfur; 63, fow sulfur pius mederate oxygen
using MTBE; 64, low sulfur plus high oxygen using ethanol.

ter 4, there are myriad factors that can affect real-world vehicle emis-
sions and confound attempts to produce a mobile-source-emissions
model using statistics and regression models. Moreover, the character-
jzation of the relationship between emissions measured in a controlled,
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testing program and those resulting from on-road driving remains a
scientific and technological challenge. A potential source of error in both
models arises from their treatment of high-emitting vehicles. As dis-
cussed in Chapter 6, a large portion of motor-vehicle emissions come
from high-emitting vehicles. However, the emissions from these vehicles
are likely to be quite variable and thus difficult to characterize through
sampling a small subset of the total population. All the above issues will
tend to limit our ability to use these models to assess the benefits of
oxygenated RFGs. See Chapter 7 for additional discussion of results
obtained from the Complex and Predictive models.

SPECIFICATION FLEXIBILITY AND DOWNSTREAM
CONTROL IN FEDERAL PHASE Il RFG

in the year 2000, Phase I RFG blends sold under the federal RFG pro-
gram in the nine severe nonattainment areas and all present and future
opt-in areas will be replaced by Phase Il RFG. The targets for fuel con-
tent and exhaust-emissions reductions relative to conventional 1990
baseline gasoline are summarized in Table 5-6. In light of the focus of
this report, it is relevant to note the Phase Il requirement for a minimum
oxygen content of 2% by weight.

The rules for meeting the requirements for Phase I are codified in
40 CFR 80.41 (e-f) and have been amended by subsequent action by
removal of the per-gallon minimum NO, reduction requirements for
refiners using the pooled-averaging method. Other limits vary by wheth-
er an area lies in a northern- or southern-tier state. A refiner may select
whether to meet product performance requirements on a per-gallon or
pooled-average basis, as under California regulations. For example, with
respect to benzene, if the former option is chosen, no single galion of
gasoline produced can contain more than 1% benzene by volume. If the
latter is chosen, the pooled sample of all a refiner's RFG sold in
nonattainment areas must average no more than 0.95%, meaning at
least some of the gasoline must have less than the per-gallon maximum.
Similarly, the oxygen content of an RFG sold by a refiner opting for the
pooled-average method must average at least 2.1% by weight at any
time, with no individual gallon falling below 1.5% but not exceeding
2.7% in winter if VOC-control requirements are in place.

There remains a concern about potential abuse of the process of
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adding oxygenate to gasoline downstream of a refinery. This practice,
called “splash blending,” involves mechanical mixing of finished gasoline
or gasoline blending stock having front-end volatility set at a typical
warm-season value (RVP of 7 to 8 psi) with a liquid oxygenate (such as
ethanol). Splash blending, unlike refinery-performed match blending
that renormalizes product output to the required properties of an RFG,
can change the proportional constituents of a gasoline by diluting (re-
placing) their mass and volumetric share in each gallon. It also has the
potential to increase the quantity of the total fuel that evaporates from
vehicles if the fuel’s resulting RVP is significantly higher. EPA sought to
obviate this possibility by requiring the type of oxygenate that can be
added be stipulated at the refinery and thus maintain RVP integrity. It
also assures that even in the “worst case,” with respect to volumetric
displacement of benzene and other aromatics by an oxygenate {i.e.,
about 6% ethanol by volume in an ethanol-gasoline blend), Complex-
Mode! content limits can be maintained by blending-stock planning at
the refinery. EPA has instituted enforcement procedures to assure
correct blending stock labeling, and the entire process for maintaining
downstream RVP control is documented in the February 16, 1994,
rulemaking on RFG standards (EPA 1994).

The possibility of an increase in the volatility of gasoline after
leaving the refinery is expected to be low. Because refiners are heid
liable for the performance of their gasolines tested during EPA’s in situ
sample audits, most refiners now blend oxygen into summer RFG at the
refinery (adding it in a controlled process to base gasoline at very low
RVP, e.g., 6.7 psi or less). This is done to ensure that it matches Phase
1 property specifications. Becaunse formulation stringency will increase
for Phase Il gasoline, this practice is likely to persist. Thus, splash
blending should become a nonissue as applied to RFG formulation and
sale during the ozone season. In fact, the demonstrated consistency of
refining practice year-round has prompted EPA to remove the distinction
between gasolines designated as “oxygenated fuels program reformu-
lated gasoline” (OPRG) and those designated as non-OPRG, effective
November 6, 1997 (EPA 1997b).

* Arelated issue has to do with the fungibility of the gasoline supply
(i.e., different blends of gasoline that comply with RFG requirements can
be mixed freely in the distribution system as far downstream as the
vehicle’s tank and the resulting mixtures themselves comply with the
requirements). The RVP of an ethanol blend can increase slightly if the
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volumetric share of the ethanol falls to a value between 5% and 10%.
Thus mixing of Phase II RFGs with and without ethanol could lead to an
in-use blend that does not meet Phase Il RFG requirements. Recognizing
that nonlinearities in the relationships between specific fuel properties
and emissions could give rise in the gasoline distribution chain to a
mixrure of fuels that independently meet RVP specification butin combi-
nation violate it, EPA conducted extensive parametric variation testing
within the Complex Model. Its conclusion was that use of various RFG
blends within an area, would not give rise to scenarios in which applica-
tion of the Complex Model showed nonconformity with specified
emissions-performance requirements. (EPA 1994, pp. 7731-7732)

MODELING EVAPORATIVE VOC EMISSIONS
FROM RFG FOR SIP DEVELOPMENT

Although EPA requires that the Complex Model be used to certify the
properties of RFG, a meteorologically driven air-quality model is speci-
fied to derive the mobile-source emissions from vehicles using RFG for
the purpose of assessing the air-quality benefits of the RFG program and
demonstrating attainment of air-quality standards. In this method, the
current version of the MOBILE emissions-factor algorithm is to be used
as the basis for determination of the mass-emissions rate for exhaust and
evaporative VOCs, CO and NO, from highway vehicles that is appropriate
to the local climatological regime and type of gasoline sold. Air-quatity
regulatory and planning organizations do not directly use the Complex
Madel in their forecasts, but may, for sophisticated air analyses, apply
the Complex Model gasoline-property results obtained from refiners for
the gasoline sold locally.
For purposes of complying with planning requirements for attain-
ment of the ambient ozone standard, the.values of the key variables
needed for computation of evaporative VOC emissions in MOBILE (ambi-
ent temperature and gasoline RVP) should accurately represent the
average conditions for the ozone “design-value” day. These are the
conditions observed on the day that the regulated maximum ozone
concentration—the datum from which ambient concentration reduction
requirements is computed for purposes of SIP (State Implementation
Plan) commitments—was recorded. MOBILE computes separate emis-
sions factors for four nonexhaust components of nonmethane hydrocar-
bons (hot soak plus resting, diurnal, running, and refueling losses).
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The Complex Model’s determination of nonexhaust (evapora_tive)
emissions of Phase II RFG also involves four separate computations.
However, in each case, RVP (and distillation temperatures) are used to
characterize these emissions (i.e., temperature is specifically not included
as anindependent variable) (40 CFR 80.45(¢)(2-3)). Theresults of these
four computations are summed to yield the nonexhaust component of
the overall VOC-emissions-performance equation. The iemperature
conditions input to the Complex Model were based on average tempera-
rures observed on ozone exceedance days which were estimated by EPA
1o be 72-92°F for the northern United States and 68-95°F for the south-
ern United States. Thus, the Complex Model is broadly representative of
high ozone conditions in the areas where RFG is sold. AccounFing for the
effects of variations in temperature on program implementations would
involve considerations that are outside the scope of this study, sucl-l as
the possible nonuniformity of RFG certification standards and possible
complications with the distribution of RFG. ‘ '

The absence of any temperature dependency in evaporative emis-
sions computations in the Complex Model has raised concern that the
model might assign too low a value to the nonexhaust vOC component
of the RFG compliance calculation. At the very least it is quite possible
that the VOC emissions derived from the Complex Model to certify fuels
will be inconsistent with the emissions derived from MOBILE and used
by regulatory agencies in the development of their SIPs. Hi:)WEVEl', ir}
preparing their SIPs, states can use the MOBILE model to estimate RFG
effects on evaporative emissions by using more accurate local tempera-
tures. ‘

Is this discrepancy important? Certainly, as discussed in Chapte.r 4,
high ambient temperature (and the magnitude of d?ily temperature rise)
plays a role in the quantity of evaporative VOC emissions produced, anfj
it is possible that current emissions-certification procedu.res um?e;:esu-
mate the contribution of hot soaks to total evaporative emissions.
Moreover, with low-volatility fuels such as RFGs, it appears that RVP
differences, other things being equal, still dominate differences in total

_evaporative emissions for most relevant urban ozone nonattainment

cases given current on-board emissions controls. Another concern is that
refiners are limited, by current requirements, in their ability to craft fuels
with lower total reactivity, if they chose to do so, because they might
exceed exhaust plus evaporative mass-emissions targets. It is also the
case, as alluded to above, that regression models inevitably iptroduce
smoothing and other simplifying approximations that might be inappro-
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priate in specific nonattainment areas, especially if they were developed
from a data base different from that used to build any of the other
regulatory models associated with the ozone-compliance process.

SUMMARY

Gasoline has been reformulated to adjust its basic properties for various
reasons over a very long period of time, before, in fact, air quality be-
came a major issue. The relatively recent emphasis on the control of
ozone precursor emissions and toxic emissions has prompted a new and
comprehensive gasoline reformulation strategy. This strategy involves:
(1) reduction in summer volatility (expressed as RVP); (2) reduction in
reactive gasoline components (e.g., olefins) during the surnmer to reduce
the ozone-forming potential of motor-vehicle emissions; (3) reduction in
benzene and other aromatic content of gasolines year-round, and (4)
addition of oxygenates as a means to help control emissions and to main-
tain octane rating using nontoxic constituents. The first three of these
are formally included in the federal and California reformulated gasoline
programs. _

The adoption and use of the Complex Model and Predictive Model
have been driven by a need for establishment of a level playing field for
all refiners, as well as an easy and inexpensive fuel certification proce-
dure that allows mixing of different batches thereby facilitating fuel
distribution. The models appear to meet those needs. However, the
methods used in those models to predict the in-use performance of
gasolines reformulated to meet the criteria of the reformulated gasoline
programs, are based on results from large and diverse, but nonetheless
limited, data bases. They might not accurately represent what actually
occurs in specific nonattainment areas, especially where a high summer-
temperature rise produces relatively high evaporative VOC emissions.
They might even deny refiners the ability to formulate fuels that could
be more beneficial on the basis of atmospheric reactivity—an issue that
is addressed in Chapter 7,

6

The Effects of Reformulated Gasoline
On Ozone and Its Precursors

THE ABILITY TO distinguish the air-quality benefits of one reformulated
gasoline (RFG) blend from that of another depends, to a substantial
degree, on the overall magnitude of the effect of RFG on air quality. 1f
the RFG effect is large, then the effect of two blends of RFG might be
quite discernible. If on the other hand, the RFG has a lesser effect on air
quality, it is likely to be very difficult to identify which of two RFG
blends is preferable from an air-quality point of view, let alone to reliably
quantify these effects. As a prelude to Chapter 7, in which an attempt
is made to quantify and compare the ozone-forming potential of eight
different RFG blends, this chapter assesses available information on the
overall impact of the RFG program on ozone and its precursors as de-
duced from measurements.

The steps taken in the approach to make that determination are
illustrated in the “Decision Tree” depicted in Figure 6-1. The chain of
inference proceeds from the tests of the emissions from a limited sample
of motor vehicles in the laboratory to determinations of the influences
of the use of RFGs in light-duty vehicles (LDVs) on air quality. The
figure also indicates the types of findings at each step along this chain,
from considerations of the currently available and published observations
to the reduction of ozone concentrations and other air-quality issues.
The sequence of questions addressed are listed below.
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FiGURE 6-1 The Decision Tree illustrates the steps taken in an effort to quantify and |

compare the ozone-forming potential of various RFG blends. The figure indicates the
types of findings at each step that resulted from the committee's considerations of
the currently available observations that are pertinent to the reduction of ozone
concentrations and other air-quality issues. When comparing different RFG blends,
such as a blend containing ethanol versus a blend containing MTBE, it is desirable
to account for as many differences as possible between the RFG blends.

What changes in motor-vehicle exhaust emissions of VOCs,
NO,, CO, or air toxics are:observed in laboratory tests when RFGs are
used?

*  Have the changes in emissions from RFGs indicated by labora-

tory studies been observed in emissions studies using tunnels and remote
sensing of tailpipe exhaust?
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«  Are there data to support meaningful analysis of atmospheric
data to determine the effect of RFGs?

*  Have changes in the concentrations of air toxics or oxygenates
been observed in the atmosphere and can these changes be related to the
use of RFGs?

»  Havechangesin the concentrations of CO been observed in the
atmosphere and can these changes be related to the use of RFGs?

»  Havechanges in the concentrations of ozone been observed in
the atmosphere and can these changes be attributed to the use of RFGs?

This analysis proceeds from the information concerning the mea-
surements of exhaust and evaporative emissions from individual vehicles
to the observation of the effect of those emissions on atmospheric com-
position. When comparing two RFG blends, it is desirable to account for
as many differences as possible between the RFG blends.

WHAT CHANGES IN MOTOR-VEHICLE EXHAUST EMISSIONS
OF VOCs, NO,, CO, OR AIR TOXICS ARE OBSERVED IN
LABORATORY TESTS WHEN RFGs ARE USED?

Probably the most extensive single data set on the emissions of motor
vehicles using RFG blends is that compiled from the Auto/Oil Air Quality
Improvement Research Program (AQIRP).! This study included over
3,000 emissions tests. In Phase I of AQIRP, different sets of 26 reformu-
lated fuels and 2 reference gasolines were tested in fleets composed of
20 then-current (1989) LDVs (cars and light-duty trucks) and 14 older
vehicles (1983-1985). Further, two methanol blends (10% and 85%
methanol in gasoline) and one industry-average fuel were tested in 19
flexible-fueled and 5 variable-fuel passenger vehicles. In Phase 11 of
AQIRP, fuels were prepared in several sets, or matrices, to study the
effects of individual fuel properties: (1) the composition set tested the
effects of aromatic content, olefin content, Ty, (temperature at which
90% of mass of the fuel has evaporated), T, (temperature at which 50%

"The complete set of data for ail experiments is available in reports and on
CD ROM from the Coordinating Research Council, 219 Perimeter Center Park-
way, Suite 400, Atlanta, GA 30346.
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has evaporated), and the addition of methyl tert-butyl ether (MTBE));
(2) the RVP-oxygenate set tested the effects of Reid vapor pressure
(RVP), as well as the addition of ethanol, ethyl tert-butyl ether (ETBE),
and MTBE; (3) the methanol set tested various methanol-gasoline mix-
tures; and (4) the sulfur-series set tested effects of varying the sulfur
content of the fuel. The properties of the RFGs used in the AQIRP
compositional and sulfur tests (and those used in MTBE and ethanol
blends discussed in Chapter 7 of this report) are summarized in Table 6-
1.

Exhaust emissions were measured from the various vehicles as they
ran on a dynamometer under the Federal Test Procedure (FTP) protocol.
Gas chromatographic and high-performance liquid chromatographic
analyses of the exhaust emissions were made for all measurable compo-
nents, including 140 structurally different hydrocarbons with from 1 to
12 carbon atoms, as well as ethers, methanol, ethanol, and 12 different
aldehydes and ketones. Samples of exhaust emissions were segregated
according to the point in the cycle of engine operation (cold start, hot
stabilized, hot start, and composite) to reconstruct the emissions invento-
ries for various vehicular operating scenarios. For some fuel-vehicle

combinations, evaporative emissions were tested (modes of operation,
hot soak, diurnal, and running loss).

Emissions of Toxics

Many of the RFG blends used in the AQIRP studies showed significantly
lower total mass emissions of toxics than the industry-average gasoline,
This is illustrated in the comparisons shown in Figure 6-2 for industry-
average gasoline {A) and one of the RFG blends studied (C2). The
comparison is made for the older fleet, the current fleet, federal Tier 1
vehicles, and vehicles with “advanced technology.” With the exception
of formaldehyde,? the RFG blends showed significantly lower toxic emnis-

sions for every class of vehicle when compared to emissions resulting
from the industry-average gasoline.

*Many RFG blends appear to result in an increase in formaldehyde exhaust

emissions. That is attributed to the presence of MTBE in the fuel, which can
generate formaldehyde during combustion.

TABLE 6-1 Properties of Some of the Research RFG Blends Used in AQIRP and California Studies

Sulfur

Oxygenates Olefins

{vol %)°

Aromalics
(val %)

Composition
Identifier”

AQIRP Phase |

(ppm by wt)

To{°F) Ty (°F)  RVP(psi

{vol %)

Code®

339

87

330
309
288
357
357
279
286
286
353
356
294
357
356
292
283

218
220
213
218
220
197
214

9.2
4.6

o

Industry average 32.0

A

119
284
316
267
290
317
312
261
297
318
266
301

8.7

208
4

Certified
ANMot

8.7
8.5

15.4 (M) 3.3

3.8

c

22.3

20.7

amQT
AMOCT

8.7

17.2
3.2

14.8 (M)

43.7
20.0

E

8.8

amot

F*

8.8

17.4

4.3

T4

AmOt

8.5

168
239
208
208
236
193

20.2
4l

14.6 (M)

2
42.9

20
2

aMOt

8.9

AmoT

8.6

4.0

149 (M) -

1.4

aMoT

8.8
8.5

4.9

457

Amot

17.7

47.8

AmOT
aMOT
aMot

8.7

21.8
5.7

14.5 (V)

18.0

294
288

8.8

164
204

13.9 (M)

21.4
46.7

8.6

19.3

14.6 (M)

AMOt

135

333
310
279
297
246
278

8.5
8.6
8.4
B.O
9.8
9.6

190 284
234 357
224 354
199 280
174 276
171 278

18.3
4.8
3.8
3.6

4.0
3.1

15.2 (M)
9.7 (E}
9.7 (E)

20.3
21.5
46.0
21.2
18.1
19.1

—

amt
amoT
AMoT

o O w0
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Table 6-1 (Continued)

Sulfur

Oxygenates Olefins

{val %)°

Aromatics
{val %)

Composition
Identifier®

AQIRP Phase | [continued)

MM

(ppm by wit)

Too {°F) RVP {psi)

Ty (°F)

(val %)

Code®

289 8.0 345

167

5.4

14.8 (M)

22.2

AQIRP Phase li

C1

38
31

6.9

297
293
298
299
297

208
202
201
200
200

4.6

227

6.8
9.1

4.1

1.2 (M)

25.4

c2

44
138
258
350
443
49

1.2

10.9 (M)

24.9

Y4
Y5

9.0
8.9

1.3

1.1 (M)
10.7 (M)

24.3
246

1.1

Y6

8.8
8.8

8.9

299
300
318

201
201
220
220

1.1

10.6 (M)

24.9

Y7

1.0
2.5

2.3

10.7 (M)

24.6

Y8

26.7

B2

466

8.8

316

26.1

Y2

California Studies

63
64

32
34

6.8

296
297

196
188

5.0
4.8

11.6 (M)°

11.2 (E)¢
*Fuel mixtures A-R are the compositional matrices for RFGs used in AQIRP Phase I; Y4-Y8 are sulfur matrices (with MTBE)

from AQIRP Phase il; B2 and Y2 are from sulfur-varied fuels used in AQIRP Phase | with no added MTBE.

23.4

7.8

23.3

bComposition indicator: A/a, high/low aromatics; M/m, high/low MTBE; O/, high/low olefins; T/1, high/low Ty,

*Oxygenates added are indicated with letters: MTBE (M), ethanol (E).

Uor these two fuels, the oxygenate composition is given in mass %.
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FIGURE 6-2 Comparison of the mass of exhaust toxics: acetaldehyde, formaldehyde,
1,3 butadiene, and benzene (mg/mi) from the industry-average fuel (A} and an RFG
{C2), using the FTP composite. Chemicals are displayed from top to bottom as fol-
lows: acetaldehyde, formaldehyde, 1,3-butadiene, and benzene. On the x-axis, the
results are divided into those for older, current, federal Tier-1-control, and advanced-
technology cars. Source: Adapted from AQIRP Technical Bulletin No.17, 1995.

Emissions of VOCs

The specific and total reactivity (using the MIR scale)} of VOCs in ex-
haust, evaporative (i.e., diurnal and hot soak), and running-loss emis-
sions from current-fleet vehicles using several of the AQIRP-tested refor-
mulated gasolines as well as the industry-average gasoline are shown in
Figure 6-3. Speciation and reactivity data on exhaust emissions were
obtained from Hochhauser et al. (1992); data on evaporative emissions
and running losses were obtained from Burns et al. (1992). In the case
of each type of emission, the ordering of the fuels has been adjusted o
show the progression of emissions from the lowest-emitting fuel to the
highest-emitting fuel. In viewing these figures, it should also be borne
in mind that the ozone-forming potential of VOC emissions is determined
by the total mass of the emissions as well as the reactivity of the species
that are emitted. The relative contribution of each of these factors can
be inferred by comparing the specific and total reactivities of the emis-

. sions because the specific reactivity is a measure of the amount of ozone
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formed per unit mass of VOC emitted and the total reactivity is the
product of the specific reactivity and the mass of VOC (and CO) emitted
per mile traveled (see Table 3-9). Finally, it should noted that in addi-
tion to emissions data for current fleet vehicles, AQIRP data exists for
emissions from older fleet vehicles. Although the older-fleet data differ
somewhat from that of the current fleet (e.g., the ordering of the fuels
with increasing reactivity), the basic conclusions concerning the nature
and magnitude of the emissions reductions that might be obtained from
R¥G do not,
Inspection of Figure 6-3 indicates that rather substantial changes in
the reactivity of VOC emissions can result from variations in gasoline
formulation. In the case of exhaust emissions for example, the specific
reactivities of the fuels tested vary by a factor of 1.4, and total reactivi-
ties by a factor of about 2 (Figure 6-3A). The variability in the reactivi-
ties of diurnal and hot soak emissions are of a similar magnitude, al-
though the ordering of the fuels changes significantly (Figure 6-3 B and
C). By comparison, the range of running-loss reactivities is considerably
larger (i.e., factor of 2 variability in specific reactivity and a factor of
almost 70 in total reactivity) (Figure 6-3D).> However, the maximum
reduction in the reactivity of the VOC missions obtained by switching
from the industry-average formulation to the most favorable of the RFGs
tested is, in each case, considerably smaller. For exhaust, diurnal, and
hot soak emissions, the reduction in specific and total reactivity from the
industry average is about 25% or less. In the case of running losses, the
reduction is more substantial; i.e., a factor of about 2 for the total reac-
tivity.

Of course the most important parameter to consider here is the
composite reactivity of all the LDV emissions; i.e., the reactivity obtained
from the gases emitted by all exhaust, evaporative, and other loss pro-
cesses. An example of such composite reactivities is given in Figure 6-4.
In this case, composite, specific reactivities were calculated for each fuel
using the AQIRP measurements of exhaust emissions {weighted for all
cycles of operation), evaporative emissions, running losses, resting
losses, and refueling losses from LDVs using the EMFAC-7E emissions
model and the measured vapor pressures of the fuels. The relative

*According to Burns et al. (1992), running loss emissions were measured
atJess than 0.2 g/test on all but two vehicles in each fleet. Inthe vehicles which
had higher running losses, differences could be seen between fuels, but fuel
effects could not be determined because of the limited data and its variability.
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Figure 6-3 AQIRP current fleet vehicles

(B) diurnal evaporative emissions;

Burns et al. 1992 and Hochhauser et al. 1992,

the MIR scale. {A) Exhaust emissions;

emissions. Source:
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FiGURE 6-4 Comparison of the specific reactivity (potential g 0,/g VOC for the total
VOC emissions) with the contribution of using industry-average fuel A and various
RFGs. {TOG (total organic pas) is considered to be interchangeable with VOC.) The
properties of the fuels and the compositienal abbreviations shown on the x-axis are
described in Table 6-1. Emissions are displayed in the bars from top to bottom as
follows: refueling and storage, running losses, evaporative, and exhaust. For data
represented by circles, the mass of CO emissions is not included in the denominator
of the specific reactivity values plotted. The addition of CO reflects the importance
of a very low reactivity compound that is emitted along with the VOCs. Source:
Adapted from AQIRP Technical Bulletin No. 12, 1993,

weighting of the various emissions to produce a composite emission was
made to simulate the conditions present in Los Angeles, California in
1995, Here again we find substantial differences in the reactivities result-
ing from the fuels tested. The fuel range of reactivities from the least
reactive fuel {F) to the most reactive fuel (L) is a factor of about 1.5.
However, the reactivity resulting from the least reactive fuel is only

about 20% less than that obtained with the use of the industry-average
fuel.
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Another interesting facet of the reactivities in Figure 6-4 relates to
the role of CO. Note in the figure that the circle above each of the bars
represents the specific reactivity for the appropriate fuel when the
reactivity of the CO emissions is included. The average increase in the
reactivities from the inclusion of CO is 18 + 2%; the ordering of the fuels
is also changed somewhat. These results clearly demonstrate the need
to include CO emissions when assessing the ozone-forming potential of
LDV emissions.

Exhaust Emissions of NO,

The AQIRP data suggest that the effect of RFG on exhaust emissions of
NO, will vary depending upon the specific properties of the blend. For
example, NO, emissions were lowered by 6 = 1.9%* by reducing olefin
content from 20 to 5%, while reducing T, from 390°F to 280°F increased
NO, emissions by 5 = 2.4%, and the impact of lowering aromatic VOC
content did not have a statistically significant effect (i.e., NO, emissions
were lowered by 2.1 + 2.0%).

The effect of adding oxygenates to the fuel tended to produce a
small increase in NO, emissions. For example, increasing ethanol from
0 to 10% gave rise to a 5 + 4.1% emissions increase. On the other hand,
while adding 15% MTBE and 17% ETBE also resulted in an emissions
increase, the increase was not statistically significant (i.e., 3.6 * 5.4%
for MTBE and 5.5 + 6.4% for ETBE). The average of experiments with
added oxygenates was a statistically significant increase of 4.8 * 2.9%.

By far the largest decrease in NO, emissions were achieved by
lowering the sulfur content of the fuel. This effect is discussed in more
detail in the next section.

Effect of Fuel Sulfur Content of RFGs on Exhaust Emissions
Dramatic changes in exhaust emissions of all ozone precursors (i.e., VOC,

CO, and NO,) were obtained from the suifur set of AQIRP tests (see
Table 6-1). In these tests, the fuel’s sulfur content was varied while the

4alt uncertainties are twice the standard deviations of the mean expressed
as 2o or 95% confidence levels.
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aromatic and alkene VOCs and MTBE compositions, as well as the T,
values, were kept relatively constant (e.g., fuels ¥4 to Y8). Figure 6-5
shows that the mass of hydrocarbons (HCs) and CO, and NO, in the
exhaust gases generally increase with increased sulfur in the fuel. In
Figure 6-6, it can be seen that the mass (milligrams per mile) of the total
toxics, benzene, 1,3-butadiene, and acetaldehyde tend to increase with
increasing sulfur content of the fuel, and that of formaldehyde decreases
somewhat,

Thus, the data from the Auto/Qil Study suggest a very clear effect
on the emissions of most reactive organic species as well as NO, CO, and
toxics with the use of low sulfur-containing fuels. In contrast, the effects
of sulfur content of the fuel on engine-out emissions (i.e., no flow
through the catalysts) were found to be very small. This suggests that the
sulfur effect is related to a temporary decrease in catalyst efficiency,
most likely because the sulfur reacts with and alters the catalyst surface.

However, these effects appear to be largely reversible as sulfur in the fuel
is decreased.

Effect of RVP on Emissions

Another major contributor to the reduction of LDV emissions is lowering
a fuel’s RVP, which significantly reduces evaporative VOC emissions.
(Exhaust emissions are also reduced, to some extent, by compositional
" changes made to RFG blends to lower their RVP.) Overall, lower RVP
appears to be the major contributor to lowered VOC emissions resuiting
from the use of RFG. It is important to note that before implementation
of the RFG program, reductions in RVP were mandated and likely led 1o
a significant decrease in VOC emissions. However, appropriate monitor-
ing networks were not in place at that time, and it has been difficult to
quantify the impact of RVP reduction.

'HAVE THE CHANGES IN EMISSIONS FROM RFG BLENDS
INDICATED BY LABORATORY STUDIES BEEN OBSERVED IN
EMISSION STUDIES USING TUNNELS AND REMOTE SENSING
OF TAILPIPE EXHAUST?

The laboratory tests of the AQIRP indicate that RFG can result in signifi-
cant decreases in the emissions of the ozone-forming precursors (reactive

v.l.!w
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FIGURE 6-5 Tailpipe emissions (g/mi) for HCs, CO, and NO, from current-fleet
vehicles fueled with various RFGs that have very similar hydrocarbon coinpositions
hut contain different amounts of sulfur compounds (fuels Y4 to Y8 in Table 6-1). In
contrast, the engine-out emissions show very little effect of the sulfur content of the
fue!, consistent with the importance of sulfurcatalyst interactions that lower the
effectiveness of the catalyst. For the plot of hydrocarbons versus sulfur level, the
upper curve corresponds to total hydrocarbons (total RH) and the lower curve
corresponds to nonmethane hydrocarbons. Source: AQIRP Technical Bulletin No.
8, 1992,
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FIGURE 6-6 Tailpipe emissions (mg/mile) for the toxic compounds (acetaldehyde,
formaldehyde, 1,3-butadiene, and benzene) from current-fleet vehicles fueled with
various RFGs that have very similar hydrocarbon compositions but contain different

amounts of sulfur compounds (fuels Y4 to Y8 in Table 6-1). Source: AQIRP Techni-
cal Bulletin No. 8, 1992,

. VOC, NO,, and CQ), as well as toxics. Inits second leve} of investigation,
the committee focuses on whether the effects of RFG blends seen in these
laboratory tests are also found in the emissions of motor vehicles operat-
ing under actual driving conditions. Emissions studies of this nature are
typically carried out in two ways: (1) measuring aggregate emissions
from motor vehicles within a tunnel; and (2) measuring tailpipe emis-
sions of individual motor vehicles using remote sensing. It is important
to recognize that these types of measurements do not provide a compre-
hensive measurement of emissions from motor vehicles. Tunnel mea-
surements are conducted in a restricted environment, and as such, they
are neither ajr-quality measurements nor emissions measurements. The
emissions data from tunne! studies only measure exhaust plus evapora-
tive running losses, are highly aggregated, and represent a snapshot of
on-road emissions of a representative vehicle fleet for specialized driving
conditions. Remote-sensing of tailpipe exhaust, on the other hand, large-
ly measures exhaust emissions. Despite these limitations, tunnel studies
and remote-sensing provide an important calibration point between
automotive emissions tests (such as those carried out in the AQIRP) and
studies that attempt to identify a signal from ambient measurements.
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Tunne! Studies

A series of tunnel studies was conducted by Kirchstetter et al. (1996,
1997, 1999a,b) for the period from 1994 to 1997 when fuels in Califor-
nia changed from Phase 1 RFG to Phase 2 RFG. In 1994, measurements
were performed in August and in October for vehicles operating on
California Phase 1 RFG fuels with and without the addition of winter
oxygenates, thus allowing for assessment of the effects of oxygenateson
emissions. In each year, intense measurements were conducted for 10
days or more during late July and early August. The vehicle fleet, ambi-
ent conditions, driving conditions through the tunnel, the tunnel, and the

‘ambient air quality are described in detail in Kirchstetter et al.(1999a).

This research affords one of the best opportunities to examine the effects
of various types of RFGs on emissions.

Vehicular emissions were measured in the Caldecott tunnel, a
heavily used commuter tunnel that runs in the east-west direction
through the Berkeley Hills near Berkeley, California, conneciing Contra
Costa County residential areas to San Francisco. The tunnel has three
two-lane bores, and on weekdays, traffic through the central bore is
switched from the downhill westbound direction in the morning to the
uphil] eastbound direction in the afternoon. The tunnel is about 0.7 mi
(1.1 kilometer) long, has a nearly constant grade of +4.2% in the east-
bound direction, and has fully transverse ventilation provided by adjust-
able pitch fans.

Sampling was conducted between 4:00 p.m. and 6:00 p.m. when
vehicles were traveling in the uphill eastward direction. The nearest on-

- ramp providing access to the center bore of the tunnel is located more

than 0.6 mi away, ensuring that all vehicles in the center bore were in
the warmed-up mode. Vehicle counts per hour during the sampling
period averaged approximately 4,200. The mean model year for the
fleet driving through the tunnel was 1989.3 for the 1995 study, 1990.1
for the 1996 study, and 1990.9 for the 1997 study. Averages were
slightly less than the median values. Approximate average fleet composi-
tion was 67% cars, 33% vans and sport-utility vehicles, and less than
0.3% heavy-duty trucks; however, light-duty trucks increased from 31%
to 35% during the period from 1994 to 1997, with cars exhibiting a
corresponding decline. Vehicles traveling through the tunnel were in the
hot stabilized mode and averaged 37 mph. Average vehicle speed at the
entrance was 32 mph and at the exit was 43 mph. Instrumented vehicu-
lar measurements petformed during extensive drive-through in 1996



146 OzONE-FORMING POTENTIAL OF REFORMULATED GASOLINE

provided additional information about driving conditions. Heavy accel-
eration and stop-and-go driving were seldom observed. Most of the
driving in the tunnel occurred within a small range of speeds and accel-
erations that is largely within the FTP domain.

Continuous measurements of CO, CO,, and NO, were made in the
tunnel exhaust air at a location close to the exit. Background gas con-
centrations were determined by making measurements in the in-coming
ventilation air. Concentrations of CO, NO,, and VOCs were typically 25,
30, and 10 times higher in the tunnel air compared with background air.
Two-hour integrated air samples for quantifying hydrocarbons and
carbonyls were taken concurrently with the continuous measurements,

and analyzed within 48 hr by gas chromatography and high-performance
liquid chromatography.

The 1994 Caldecott Tunnel Studies

The 1994 studies of Kirchstetter et al. (1996) are described separately
because they afford an opportunity to examine the effects of California
Phase 1 gasoline with and without the addition of winter oxygenates.
Average properties of gasoline used during various segments of the 1994
study are given in Table 6-2. Unfortunately, in addition to the changes
in oxygen content, other fuel properties changed as well. For example,
there is a small increase in both sulfur and RVP in the winter gasoline.
Each of these tends to result in increased VOC emissions. The increased
sulfur content also tends to increase CO and NO, emissions (see Figure
6-5).

The data from the study suggest that the addition of oxygenates (in
the form of MTBE) to the fuel during October appeared to lead to a
reduction in CO and VOC emissions of 21 = 7% and 18 = 10%, respec-
tively. A similar reduction in CO emissions (16 = 3%) was measured
during the Colorado oxygenated fuels program (Bishop and Stedman
1990). NO, emissions showed no change during the two sampling
periods. In the case of toxics, formaldehyde emissions increased by 13
+ 6% and benzene emissions decreased by 25 = 17%, but no significant
change on acetaldehyde emissions was observed.

The addition of MTBE also appeared to lead to changes to the
relative abundances of individual VOCs and thus might have affected the
reactivity of the emissions. However, analysis of the data indicated that
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TABLE 6-2 Average Properties of California Bay Area Phase 1 RFG for August and
Octlober 1994

Sampling Period®

August 1954 QOctober 1984
Fuel Property® (Eow Oxygenates) (High Oxygenates)
Oxygen content (wt %) 03+04 2.0x+0.2
Sulfur {ppm by wi) 54 + 47 90 £ 53
Reid vapor pressure (psi} 7.2+02 77+03
Paraffins {vol %) 47 1o 54 38to 46
Aromatics (vol %) 341043 2610 35
Olefins (vol %) 0.4t07.3 431t013.4
Naphthenes (vol %) 2910104 411096
Benzene (vo! %) 1.7105.1 1.0t0 3.6

sGasoline composition was determined by the California Air Resource§ Board
(CARRB), and was based upon averaging 65 samples during the Augt..lst period and
64 samples during the October peried. On an oxygen weight basis, 80% of the
oxygenate was MBTE and 20% was ethanal.

SErrors are reported as 1 O {standard deviation) of the mean.

Source: Adapted from Kirchstetter et al. 1996.

the normalized VOC reactivity, using the MIR scale (see Chapter 3), did
not change significantly from the low-oxygenate to the high-oxygenate

. period.

. The 1994-1997 Studies

During the five sampling periods of this study, Califom-ia gasolir}e
changed composition from the 1994 summer and fall values indicated in
Table 6-2 to California Phase 2 RFG. The evolution of the average
summer gasoline properties during the study is summarized in Table 6-3.
Emissions of all pollutants decreased by between 20% and 40% over the
1994 to 1997 study period (Kirchstetter et al. 1999a). However, attrib-
uting these changes to a specific cause such as an RFG blend is problem:-
atic because of the difficulty in separating the effects of fleet turnoves
from those of fuel changes. Using a statistical time-series analysis (c
separate these two effects, Kirchstetter et al. concluded that the effect o
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TABLE 63 Summer {July and August) Gasoline Properties in California fram 1994 to 1997

Density

Saturates Olefins Aromatics MTBE Benzene ASTM D-87

{ppm wi) (vol %)

Oxygen Sulfur

(wt

RVP AP
Year (psi) Gravity

1994

(kg/m?)

Too  Too

vol % Ty

(vol %)

{vol %} {vol %)

7.9 31.9 2.7 1.56 136 214 334 761
2.1 0.39

57.4
438

131
41

Avg. 74 544 0.51
0.32

sd

1.7

4.4

1.9

0.1

1995
Avg,
sd

760

1.54 136 218 341
0.45

1.0
0.9

33.7
33

8.8
3.5

56.5
5.1

81

0.21
0.18

7.4 547

0.1

36

1.0

1996

138 199 300

743

0.42
0.08

10.7
1.7

235
1.4

3.3

0.9

16 62.6
25

1.86
0.30

Avg. 7.0 589

0.1 06

sd

1997

138 200 299 741

0.43
0.05

8.2
37

22.7

3.4
1.2

65.4
3.7

Abbreviations: Avg., average; sd, standard deviation,

12
Source: Adapted from Kirchstetter et al. 1999a.

1.57
11

0.60

59.5
1.3

Avg. 7.1
sd

1.4

0.1

15@9
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an RFG was greater on VOCs than on NO,. No significant change was
observed in acetaldehyde emissions, whereas the effect of RFG blends on
benzene was estimated to be a 30% to 40% reduction, and on formalde-
hyde, a 10% increase.

Kirchstetter et al. (1999b) attempted to characterize evaporative
emissions that are affected by gasoline vapor pressure (i.e., those due to
refueling, running loss, and diurnal evaporation). Bay Area gasoline was
analyzed to determine composition, and headspace vapor composition
was estimated using the Wagner equation {see Reid et al. 1987). The
individual compound vapor pressures were determined from the vapor
pressure of the pure species, its mole fraction, and activity. Combining
that information with the emissions data from the tunnel, the change to
California Phase 1 RFG was estimated to cause a 13% vapor-phase reduc-
tion in evaporative emissions, and the change to Phase 2 caused a further
9% reduction, giving rise to a net reduction of evaporative emissions
from California RFGs of 20%. (Normalized reactivity of liquid gasoline
and headspace vapors decreased by 23% and 19%, respectively.) Com-
bining that result with those for exhaust emissions indicated that the
ozone-forming potential (measured as total reactivity by the MIR scale)
of all on-road emissions decreased by 8% or less as a result of RFG
blends. The total reactivity decrease was less than that of evaporative
mass emissions because of increased weight fractions of highly reactive
iso-butene and formaldehyde in the exhausts (from the combustion of
MTBE).

Collectively, the Caldecott tunnel studies suggested that there were
significant reductions in the motor-vehicle emissions of all pollutants
(except formaldehyde) between 1994 and 1997. These decreases, sum-
marized in Table 6-4, are attributable to a combination of the use of REG
and fleet turnover effects, with RFG most likely making a significant
contribution. However, some caution should be exercised before using
these results to characterize the overall effect of RFGs on motor-vehicle
emissions. As noted above, any number of factors can have a significant
effect on emissions from motor vehicles (e.g., age, stop-and-go driving,
and cold-start conditions) that are minimally represented in the Calde-
cott tunnel.

Finally, Kirchstetter et al. observed high concentrations of ethene
and acetylene in the tunnel, which are indicative of reduced catalytic-
converter activity that results in high-emitting vehicles. Because de-
creases in sulfur concentration in gasoline have little effect on such high-
emitting vehicles, one interpretation of the study results suggests that
high emitters, such as older-technology vehicles or vehicles with faulty
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TABLE 6-4 Decrease in Emissions 1994-1997 Inferred
from the Caldecott Tunnel Studies®

Emission % Decrease
co 31+5
Nonmethane VOC 4348
NO, 18+4

A fraction of these decreases are attributable to
RFG and a fraction to fleet turnover.

catalytic converters, might be responsible for a disproportionate share of
the VOC emissions in the tunnel. As discussed below, a similar conclu-

sion was reached by Beaton et al. (1995) using on-road remote sensors
in urban tocations in California.

Remote-Sensing Studies

Remote sensing has been used to infer the amount of ozone precursors
{CO, NO and total VOCs) in exhaust emissions from individual in-service
LDVs relative to the emission of CO, in the exhaust (Bishop and Stedman
1989, 1990; Bishop et al. 1989; Guenther et al. 1991, Zhang et al. 1993,
1996a,b, Stedman et al. 1994, 1997, Butler et al. 1994). In this tech-
nique, light at specific wavelengths in the infrared (IR) or ultraviolet
(UV) spectrum is passed through the exhaust plumes of passing motor
vehicles. The measurement and analysis, which is based on the amount
of light absorbed by the compounds contained in the exhaust, have been
shown to quantitatively determine CO emissions in the exhausts to
within 5% and VOC emissions to within %15% (Lawson et al. 1990;
Stephens and Cadle 1991; Ashbaugh et al. 1992).

In typical studies, the technique is deployed at frequently traveled
roadways, such as freeway entrances and exits. Used that way, the tech-
nique measures exhaust emissions under nominal roadway operation.
The technique has been deployed at a variety of locations in the United
States and abroad. Provision can be made to record the identity of indi-
vidual vehicles to determine the emissions demographics of the vehicle
fleet. The technique has been extensively used to establish the trends in

.emissions as a function of vehicular age, to monitor the effectiveness of
_vehicular maintenance and inspection programs, and to measure the

effect of the addition of oxygenated compounds to fuel to reduce emis-
sions of CO and VOCs.
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Remote-sensing measurements show that, in every model year from
pre-1971 to 1991 for the given fuel supply ( Zhang et al. 1993; Beaton
et al. 1995), there has been a steady reduction in exhaust emissions of
VOCs and CO (see Figure 6-7 for data on VOC emissions). The measure-
ments also indicate that, although there has been a steady decline in
exhaust emissions in the more recent models, the exhaust emissions for
each model year are dominated by a relatively small number of high
emitters (i.e., the vehicles in the fifth quintile in Figure 6-7). The results
show that, for each model year, properly maintained vehicles provide
only a small contribution to the emissions from that model year com-
pared with poorly maintained or malfunctioning vehicles.

The remote-sensing technique has been used extensively in Denver
to study the efficacy of the use of oxygenated fuels to reduce CO exhaust
emissions from LDVs. In Denver, CO pollution is most severe during the
winter and the Colorado program specifically targeted reductions in
winter CO emissions from LDVs by the addition of oxygenated com-
pounds to the gasoline sold in Colorado. In the first Denver study, the
CO emissions were measured from approximately 60,000 vehicles at a
freeway on-ramp during and after the oxygenated fuel season. Bishop
and Stedman (1989) reported a 6 + 2.5% reduction in CO attributable
to the use of oxygenated fuel containing 2.0 wt % oxygen. Ina second
Denver study, Bishop and Stedman (1990) analyzed vehicular emissions
from more than 117,000 vehicles at two Denver locations (a freeway on-
and off-ramp) before, during and after a winter season when oxygenated
fuels were mandated (November 1988 through February 1989). They
reported a 16 + 3% decrease in CO emissions from the use of oxygen-
ated fuel at 2.0% oxygen.

A followup study using this technique was carried out in Denver to
determine the effectiveness of the 1991-1992 winter Colorado oxygen-
ated fuels program (PRC 1992). Based on the results, the percentage
reduction of CO emissions was nearly the same for all vehicles, and most
of the reduction in CO emissions attributed to oxygenated-fuel use were
from the highest-emitting vehicles (Figures 6-8 and 6-9). Even though
a small portion of the vehicles tested were high emitters, those vehicles
contributed a substantial portion of the CO emissions. The study indi;
cated a comparable result for the reduction in exhaust emission of VOCs

An important finding of these remote-sensing measurements wa:
that most of the overall CO and VOC emissions and the reductions ir
these emissions from the use of RFGs are associated with emissions fron
high emitters and, more specifically, from vehicles with malfunctionin;
emissions controls. The studies (Bishop and Stedman 1989, 1990, 1995
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FIGURE 6-7 Location-specific data from the Denver area using remote sensing. Part
A shows emission factors by modet year divided into five groups {quintiles} in
ascending order of emissions. Part B shows the vehicle age distribution of the
measured fleet. Part C is the product of data from Parts A and B; percentage of total
HC (or VOC} emissions is shown for each quintile of each model year. Source: Zhang

etal. 1993. Reprinted with permission from Environmental Science and Technology,
copyright 1393, American Chemical Society.
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FIGURE 6-8 CO emissions by model year of motor vehicle as recorded at a specific
location in the Denver area. Source: PRC 1992,

Bishop et al. 1989; Guenther et al. 1991; PRC 1992; Zhang et al. 1994,
1996a,b; Beaton et al. 1995; Stedman et al. 1997) find that the addition
of oxygenated fuels reduces the exhaust emissions of CO and VOCs by
approximately 20% for all model years in LDVs with the largest emis-
sions. For example, Beaton et al. (1995) placed on-read remote sensors
of exhaust CO and VOC emissions at various urban locations in Califor-
nia. They found that 7% of the vehicles accounted for more than 50%
of CO emissions and 10% of the vehicles accounted for more than 50%
of the VOC emissions. This group probably involves LDVs that were not
well maintained or have otherwise improperly functioning emissions
control systems. Because this finding was independent of the model
year, it implies that a relatively small percentage of vehicles with the
highest exhaust emissions will be the principle sources of the exhaust
emissions of CO and VOCs and that the use of oxygenated fuels in those
vehicles will be of the greatest benefit by reducing the exhaust emissions
of CO and VOCs by approximately 20%.

The remote sensing methods, by virtue of their deployment, observe
LDVs under “cold-start” conditions, and emissions estimates based on the
method will fail to account for the cold-start fraction of the total emis-
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defined as having emissions with more than 3.5% CQ; lower-emitting vehicles have
emissions with less than 3.5% CO. The numher on each bar segment refers to the

number of cars recorded in the sample of vehicles measured at a specific location
in the Denver area. Source: PRC 1992,

sions. Because catalytic converters will operate at reduced effectiveness
under cold-start conditions, the relative importance of high emitters un-
der these conditions might be less. If cold-start emissions represent a
sizable fraction of the total exhaust emissions, the benefits of oxygenated
fuels may be more uniformly spread across the light-duty vehicle fleet.

ARE THERE DATA TO SUPPORT MEANINGFUL ANALYSIS OF
ATMOSPHERIC DATA TO DETERMINE THE EFFECT OF RFGs?

The tunnel studies and remote-sensing measurements discussed in the
previous section have provided useful information concerning the effects
of RFG blends on the emissions of a variety of ozone precursors, includ-
ing CO from LDVs. However, it is difficult to relate these snapshot
assessments of LDV exhaust and running losses to the actual net effect
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of RFGs on air quality. To accomplish this, the use of atmospheric meas-
urements as an assessment must be examined.

The attribution of the trends of ambient ozone concentrations and
those of its precursors to specific control policies is complicated by the
presence of confounding influences such as meteorological fluctuations
(NRC 1991; Rao et al. 1992, 1998; Cox and Chu 1993; Milanchus et al.
1998). Therefore, answering questions such as “what portion of the
change in ambient ozone concentrations can reasonably be attributed to
a particular emissions control policy?” requires the existence of high-
quality, long-term concentration data gathered in a carefully designed
network. Therefore, it is critical that a spatially well-designed monitor-
ing network be in place to measure precursors as soon as possible. When
time series of ozone and precursor data covering the pre- and post-
implementation time periods are available for the regions where the
control program is in effect and where it is not in effect, one can apply
space-time analyses and change-point detection techniques as suggested
by Rao et al. (1998), Hogrefe et al. (1998), and Zurbenko et al. (1996)
to observe the effects of the emission control strategy on ambient pollut-
ant levels.

During the last 30 years, there have been extensive data sets ac-
quired from integrated field measurements and the estimation of long-
term trends from those measurements. However, these measurements
were not aimed at determining specifically the effectiveness of particular
air-quality regulations. The measurements were aimed at assessing the
reductions in concentrations of criteria pollutants or to determine the
processes or sources of the primary emissions that limit these reductions.
In the case of ozone, which is formed by secondary photochemical
reactions, these measurements were not designed to determine the
alteration of ozone concentrations that results from the RFGs. Unfortu-
nately, when the planning of integrated field measurements or monitox-
ing fails to include directed observations to document a particular aspect
of air-quality regulations, it is generally not possible to isolate these
effects from the data that have been acquired for other purposes. For
‘these reasons, the ability to discern an “RFG signal” in the ambient data
sets is quite limited. At this time, researchers are only able to even
attempt such an analysis for a limited set of relevant species: RFG oxy-
genates, toxics, CO, and ozone. Rao et al. (1998) concluded that a goal
of trend assessment should be to isolate and characterize long-term
(greater than 1-year concentrations of pollutants) information based on
multi-variate analyses of ambient weather, climate, and emissions. All
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long-term variation should be considered without regard to a particular
trend modetl {e.g., linear, step, or ramp).

HAVE CHANGES IN THE CONCENTRATIONS OF AIR TOXICS
OR OXYGENATES BEEN OBSERVED IN THE ATMOSPHERE AND
CAN THESE CHANGES BE RELATED TO THE USE OF RFG?

Benzene is both an ozone precursor and an air toxic and, as a result,
regulations have specifically targeted its reduction. LDV emissions of
benzene are derived directly from benzene and from higher aromatics in
the fuel. The RFG programs, with their prescribed reductions in benzene
and other aromatics (see Table 5-3), are intended to reduce ambient
benzene concentrations. Although reductions have been observed in the
atmaospheric concentrations of benzene over the past several years (EPA
1998}, the observations are not capable of attributing these reductions
to a particular control strategy or to differentiate between different oxy-
genates used in fuels. Because oxygenated compounds were added to
RFGs specifically to replace benzene and other aromatic compounds, it
is reasonable to assume that at least part of the observed reduction in
ambient concentrations is associated with the reduction in vehicular
emissions as a source. To date, although reductions are observed at
many locations in various VOC concentrations including larger aromatic
compounds, the trends are not sufficiently consistent to draw definite
conclusions.

Both MTBE and ethanol have been observed to be present in the
atmosphere. These compounds can serve as ozone precursors, but be-
cause their atmospheric reactivity is low, they are not expected to be as
effective as more-reactive VOCs in generating ozone in urban environ-
ments. However, like benzene and CO, they might be more effective in
ozone formation farther downwind of the source of their emission. Be-
cause the only identified use for MTBE is as a motor-fuel additive, it is
reasonable to assume that its presence in the atmosphere is associated
with the emissions from LDVs using fuels with an MTBE additive. In this
connection, MTBE could serve as an important tracer to determine the
influence of its addition to motor fuel on the other compounds of inter-
est.

By contrast, ethanol has many natural and anthropogenic sources.
To date, no analysis has yet been carried out to determine if or how
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much of the burden of ethanol in the atmosphere is associated with its
use as a fuel additive.

HAVE CHANGES IN THE CONCENTRATIONS OF CO
BEEN OBSERVED IN THE ATMOSPHERE AND CAN THESE
CHANGES BE RELATED TO THE USE OF RFGs?

Because motor vehicles are the primary source for CO, the U.S. Environ-
mental Protection Agency (EPA) required that urban areas classified as
nonattainment for CO use oxygenated fuels in gasoline-fueled engines
during the winter season beginning in 1992. CO is primarily a winter
problem because low surface temperatures limit the disperslon. of ti}e
potlutant and enhance its emissions from cold engines. As outlined in
Table 5-4, oxygenated fuels in most CO nonattainment areas are blended
to contain a minimum of 2.7% oxygen by weight.

The Oxygenated Fuels Program has now been in effect for at least
five winters in severa) different metropolitan areas, a time interval that
might be long enough to begin an assessment of whether or not this
program has or has not been effective. In fact, recently, a number of
researchers have attempted to assess the impact of fuels on ambient CO
concentrations (Mannino and Etzel 1996; Cook et al. 1997; Dolislager
1997; Whitten etal. 1997). Those studies have generally concluded that
the oxygenated fuels program has resulted in a discernable downward
trend in ambient CO concentrations. However, in the committee’s view,
the studies are not conclusive. The Oxygenated Fuels Program was
initiated in the midst of other control programs and technological im-
provements designed to lower CO emissions. Colorado, for example,
places restrictions on both wood-burning stoves and driving times when
CO concentrations are likely to be high. Most likely, such other pro-
grams and improvements have had some downward effects on CO
emissions. Discerning the portion of the downward CO trend in an area
that is specifically attributable to oxygenated-fuel use is a challenging
problem. Another problem arises from inhomogeneities and discontinu-
ities in the way in which CO data are reported. During the 1990s, the
reporting of CO data in the United States was changed from rounding to
the nearest 1 ppm to the nearest 0.1 ppm. Such discontinuities can
produce an artifact in a trend analysis that confounds identification of an
impact of a control program.
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To iliustrate such problems, CO data from areas using oxygenated
fuels were analyzed. It is important to note that this analysis is not
‘intended to be a comprehensive assessment of the relationship between
oxygenated fuel and ambient CO but just an illustration of the difficulties
such analyses can encounter. The regions analyzed are broadly the states
of New York, New Jersey, and Connecticut (NY/NJ/CT); Colorado; and
California. Within the NY/NJ/CT region, the New York City Metropoli-
tan Statistical Area (NYCMSA), implemented its program during the
winter of 1992-1993. Colorado implemented a statewide oxygenated
fuels program in 1988, and California during the winter of 1992-1993.
All data used in the analysis presented here were obtained from the
EPA’s Aerometric Information Retrieval System (AIRS). The monitoring
sites considered are listed in Table 6-5. There are 2 sites.in Connecticut,
10 sites in New Jersey, 8 sites in New York, 16 sites in California, and 10
sites in Colorado. With the exception of California, these sites were
chosen because of the length of their CO time-series records. The sites
in California are the same as those used by Dolislager {1997}, and are

sites which have reasonably complete records that include violations of
the 8-hr standard for CO during1990-1993.

There are some problems with the raw hourly data because of the
way in which the lowest values (detection limits) were reported. For the
northeastern-states sites and Colorado sites, retaining only the daily
maxima of 1-hr concentrations eliminates this problem. However, for
the sites in California, the hourly data were first rounded to the nearest
part per million prior to extracting the maxima. Rather than examining
the reported daily maxima, their logarithms were examined for this
report to help stabilize the variability due to seasonal variation.

The various physical processes reflected in each of the CO time-
series were separated into three components that contribute independ-
ently to the overall trend. These components are a short-term compo-
nent (attributable to fluctuations in weather and day-to-day emissions);
a seasonal-variation component (attributable to the Earth’s rotation
around the Sun); and a long-term component (attributable to secular, or
lasting, changes in clirate or emissions). It is this last component that
is most important here, because the effect of control policies must be
manifested in this component.

Table 6-5 shows the amount contributed by each component to the
total variance of the data at each monitoring site. In all three of the re-
gions studied here, the short-term component contributes the most to the
total variance, especially in the NY/NJ/CT region. The contribution of

TABLE 6-5 AIRS Data from Selected Sites in California, Colorado, and Northeastern States {1980-1997)

- Percent Contribution to the Total

Variance

% Improve- 20 -Level
ment {A)

1.4

Implementation
Date {yymmadd)

921101

for A (%)°

5.2

Long-term
15.5
36

Shortterm Seasonal

74.4

Station Location

AIRS ID

6.6

CT
CcT

Bridgeport
Stamford
Hackensack NJ

090010004
090010020
340035001
340051001
340070003
340071001
340171002
340232003
340252001
340270003
340292001
340390003
360290005
360290016
360551004
360556001
360590005

12.2
4.8

-22.2
7.6
11.2
-7.1

521101

9.4
5.4

49.3

921101
N/A
N/A
N/A

16.1

75.6

5.0
5.5

8.5

21.4
89

60.6 12.7

NJ

Burlington

105

76.3

NJ
{Not in a city) NJ

Camden

-5.8
9.4
3.0

15.6

145
16

3.8

63.8

5.6
7.8

3.9

§21101

22.4
30.1

NJ 74.5

Jersey City

921101

62.8

Perth Amboy NJ

27.7 921101 -7.8

5.3

NJ 63.9

Freehold

3.7

4.6
1.8

921101
N/A

28.7

3.6
5.4

2.6

NJ 64.7

NJ

Morristown

57

17.6

72.9

Toms River
Elizabeth
Buffalo
Buffalo

6.3
3.2
4.8

921101
N/A
N/A
N/A
N/A

16.6

79.0

NJ

7.1

134

2.5
2.5

81.8

NY

-B.9
-11.6

17.6
10
23.8

77.4

NY

B.2

29
5.1

NY 84.7

Rochester

58
3.7

6.4
a.3

NY 67.5

Rochester

159

921101

6.0 12.2

78.6

NY

(Not in a city)



Table 6-5 {Continved)

Percent Contribution to the Total

091

Variance Implementation % Improve- 20 -Level
AIRS ID Station Location Shortterm  Seasonal Longterm Date (yymmdd} ment {A)  for A (%)
360610062 New York City NY 49.6 3.3 43.9 921101 4.2 10.6
360632006 Niagara Falls NY 80.4 2.9 13.6 N/A 5.7 6.5
360930003 Schenectady NY 73.5 11.2 10.4 N/A 0.1 11.8
060190008 Fresno CA 49.1 37.4 1.3 §21101 4.3 13.0
060371002 Burbank CA 49.3 32.7 8.3 921101 -1.7 5.2
060371103 Los Angeles CA 63.7 26.1 2.2 921101 1.3 3.0
060371201 Reseda CA 57.5 26.7 7.4 921101 7.5 7.4
060371301 Lynwood CA 44.2 41.8 1.4 921101 1.8 5.4
060372005 Pasadena  CA 57.6 29.1 3.8 921101 -3.9 5.3
060375001 Hawthorne  CA 51.1 374 1.5 921101 1.6 4.7
060590001 Anaheim CA 459 35.4 7.7 921101 3.0 9.1
080591003 Costa Mesa CA 490 37.8 1.6 821101 4.7 8.6
060595001 La Habra CA 49.4 36.1 4.4 921101 12.2 6.1
060670006 Sacramento CA 67.0 216 37 921101 1.0 5.4
060670010 Sacramento  CA 61.6 26.7 1.6 921101 2.4 7.1
060771002 Stackton CA 65.4 24.2 2.1 921101 11.2 5.2
060850004 San Jose CA 48.9 35.7 4.1 921101 24.3 5.6
060950004 Vallejo CA 59.0 29.5 1.2 921101 3.1 4.3
060990005 Modesto CA 59.2 27.8 2.8 921101 16.0 5.9
080050002 Littleton co 64.2 18.0 9 880101 -3.0 11.6
080131001 Boulder co 56.0 18.2 16.4 880101 9.4 13.2
080310002 Denver co 55.3 14.6 25 880101 325 6.8
080310013 Denver co 61.1 16.0 17.4 880101 4.4 3.7
080310014 Denver co 58.1 22.7 11.8 880101 5.7 5.1
080410004 Colorado co 64.0 15.0 15.4 880101 5.3 6.8
: Springs
080410006 Colorado co 72.3 12.0 10.9 880101 11.8 5.8
Springs '

080590002 Arvada co 60.3 19.7 13.4 880101 23.7 7.0
080691004 Fort Collins CO 61.7 22.6 8.1 880101 3.7 1z.2
081230007 Greeley co 56.4 29.4 5.2 880101 15.6 4.2

*A positive value corresponds to a decrease in CO (evels; a negative value corresponds to an increase.

191
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the long-term component is large in NY/NJ/CT and Colorado, but very
small in California.

The behavior of the CO time-series at Riverside, California, is pre-
sented in Figure 6-10. (Note that Riverside is not included in Table 6-5.)
A change in the detection limits and resolution or data-reporting prac-
tices around 1994 is apparent from an inspection of the lower values
shown in Figure 6-10A. The strongest decline in CO levels has occurred
since 1987 (see Figure 6-10D). It should be noted that California intro-
duced Phase 2 RFG in 1996 and winter oxygenates in 1992. The pres-
ence of strong downward trends in CO throughout the time series in the
post-1987 period complicates evaluation of mid-series changes to regula-
tory policy. Examination of CO concentrations before and after imple-
mentation of the oxygenated fuels program might very well indicate a
decrease in CO, but this decrease may be indicative of the overall down-
ward trend that began well prior to the implementation of the program
as opposed to the program itself.

To discern the contribution of oxygenated fuels to a trend such as
that depicted in Figure 6-10, an analytical approach is needed that
attempts to identify an abrupt “break” or change in the trend line at the
time the program was first implemented. One such approach uses a
linear regression on the long-term component (i.e., trend) for the period
prior to the program implementation. That linear trend, prevailing prior
to implementation of the program, is removed from the long-term
component of the entire time series. Linear trends are then estimated for
the detrended data for the pre- and post-implementation time periods.
(By definition, the slope and intercept of the trend for the pre-implemen-
tation time period are zero.) The change in the intercept (A} in the pre-
implementation time period at the date of fuels program implementation
is an estimate of the percent change in CO concentrations atiributable to
that program. A confidence level (20} for the change, A, is also com-
puted. A is positive (negative) for a decrease (increase), i.e., improve-
ment (deterioration), in CO levels, o

Values of A for each site included in this study are listed in Table &-
5 along with their respective 2o confidence intervals. When A is greater
than 20, the value derived for A is statistically significant at the 95%
confidence level; when A is smaller than 2o, the effects of the oxygen-

ated fuels program on CO at that site cannot be discerned reliably from
the data.

EFFECTS OF REFORMULATED GASOLINE ON OZONE AND ITS PRECURSORS 163

Dally Maximum of GO at Riverside

Seasonal Component of GO at Riverside

2.0 0.8
25 06-
P
-
’E‘ 20 3 0.4:
g E c
[+Y =
£ 15 t 02
Q @° -1
2 40 2 0.0+
3 £
= 05 0-0.2
= [&]
0.0- 0.4
8.6 A=t
s 81 B3 85 87 B9 91 93 95
YEAR YEAR
A B

-
o

=
(=}
[

Short-Term Gomponen! of GO at Riverside

Leng-Term Component of GO at Riverside

1.6

-
LA
I

o ©

[= ]
1
IS
I

e
n

-
[
1

g 11
In CO (CO in ppm}
@
N

C0 Changes i In Scate

-
-
1

-
L=
7
o

FIGQRE 6-10 Daily maxima of CO concentrations at Riverside, CA, from 1980 to
1997 (A). Three components of the overall trend are seasonal (B), short term (C),
and long term (D).

Examination of the A and 20 values in Table 6-5 reveals varied
results for the sites.® Most sites had positive A values (indicative of a
benefit from the oxygenated fuels program). However, a substantial
fraction (14 out of 46) of the sites had negative A values, and for many
of the sites (23 out of 46) the A values were not significant at the 2o (or

SVery similar results were obtained when the date of program impleme;ma-
tion was shifted by =6-month increments or when the analysis was {estrlcted
to data gathered during the months of October to February—the period when
oxygenated fuels are used.
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95%) confidence interval. Thus, while this analysis suggests that the
oxygenated fuels program probably has had some small ameliorative
effect on CO concentrations, its impact does not appear to be spatially
uniform and in many cases is too small to discern with a high degree of
statistical confidence.

A very similar conclusion was reached in a report of the National
Science and Technology Council (NSTC 1997). The NSTC report re-
viewed various studies relating to the ambient air-quality effects of
oxygenated fuels. It concluded that CO concentrations in urban areas
have been decreasing at a rate of 2.8% per year for the last 10 years.
This decrease is attributable primarily to EPA-mmandated motor-vehicle
emissions standards and improved vehicular emissions control technol-
ogy. However, the NSTC report concluded that the benefits of oxygen-
ated fuels on ambient air quality in cold climate areas could not be
confirmed. (See Anderson et al. (1994) for additional information on
the influence of oxygenated fuels on ambient CO.)

HAVE CHANGES IN THE CONCENTRATIONS OF OZONE
BEEN OBSERVED IN THE ATMOSPHERE AND CAN THESE
CHANGES BE RELATED TO THE USE OF RFGs?

Assessing the effects of RFG on ambient ozone air quality involves
challenges similar to those discussed above for CO. For example, Larsen
and Brisby (1998) attempted to assess the effect of California’s cleaner-
burnipg gasoline program on ozone concentrations. In that study, for
the Sacramento, South Coast, and San Francisco Bay areas, Larsen and
Brisby reported ozone decreases of 14%, 17%, and 4%, respectively.
However, the contribution of cleaner-burning gasoline to this decrease
is uncertain because of the presence of many other ongoing ozone-
mitigation efforts. To address this problem, Larsen and Brisby assumed
that the contribution of the cleaner-burning fuels program to the overall
ozone decrease was proportional to the estimated percent reduction in
the precursor emission inventory resulting from the program. Thus, even
though the Larsen and Brisby study was based on ambient ozone concen-
trations, the attribution of a portion of the observed ozone decrease to
the use of cleaner-burning gasoline was derived from an emission inven-
tory and does not constitute empirical verification of program effective-
ness.
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To further illustrate some of the difficulties with applying trend
analysis to ambient ozone data, consider the log-transformed ozone
concentrations from Riverside, California, presented in Figure 6-11.° As
in the CO analysis, the data are decomposed into its long-terin, seasonal,
and short-term components. Because the information from the moving-
average filter (Zurbenko et al. 1996) used here is not reliable at the
beginning and at the end of the time-series, data for the first and last
years are not included in these figures. At this site, the long-term,
seasonal, and short-term components contribute about 2%, 63%, and
34%, respectively, to the total variance of the ozone data.

To examine whether the use of RFGs in California had an impact on
ambient ozone concentrations, data during the 1980-1997 period from
several locations in the Los Angeles Air Basin of California were also
analyzed. As was the case for the CO analysis in the previous section,
an overall downward trend in ozone over the past 15-year period is
evident in the long-term component at Riverside (Figure 6-11D). Be-
tween 1981 and 1996, ozone has decreased by about 30% at Riverside;
the largest decrease of about 20% in ozone concentrations occurred
between 1989 and 1993. Ozone then increased slightly in 1994, and
then decreased again in 1995,

Whereas the oxygenated fuels program was implemented in Califor-
nia in 1992, the RFG program was implemented in 1996. Figure 6-11
indicates the presence of a strong downward trend in ozone before these
programs were implemented. Unfortunately, data for the time period
after the RFG programn was implemented are not yet available for this
type of analysis to clearly discern the impact of this conirol strategy on
ozone air quality. For example, if an abrupt change of 10% in the middle
of ozone time-series data illustrated in Figure 6-11 were introduced, it
would contribute only about 0.5% to the total variance. This illustrates
that the detec¢tion of any abrupt change of the order of 10% or less and
its attribution to a specific control of an emission is a formidable task,

These results demonstrate the difficulty in linking a particulax
emissions-control policy to a change in ozone concentrations. Clearly,
the problem of assessing the effectiveness of a particular air-pollution
control program requires further development.

SThe rationale for using the log-scale for ozone was discussed by Rao et al.
(1997). :
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FIGURE 6-11 Daily maxima of ozone concentrations at Riverside, CA, from 1980 to
1997 (A). Three components of the overall trend are seasonal (B}, short term (C),

and long term (D).

DOCUMENTATION OF RFG EFFECTS IN
A FUTURE OBSERVATIONAL PROGRAM

On January 1, 2000, federal Phase II reformulated gasoline (RFG) will
be required in commercially avajlable LDVs operating in areas classified
as being in severe nonattainment of the National Ambient Air Quality
Standard (NAAQS) for ozone. On the basis of estimates from the Com-

':&‘ﬂ»_
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plex Model, EPA expects that this action will result in reductions in both
exhaust and evaporative emissions of VOCs and some air toxics from
LDVs, as well as LDV exhaust emissions of CO and NO,. It is further
believed that these emissions reductions will help alleviate the severity
of the ozone pollution in the severe nonattainment areas where the
program is to be implemented, although, for the reasons discussed
above, these effects are not expected to be large or even observable.

Will the projected air-quality benefits of Phase 11 of the federal RFG
program be met? As with any regulatory program, the committee recom-
mends that a complete and comprehensive RFG program should in-
clude—part and parcel—a plan for documenting the impact of the
program and assessing to what extent the expected benefits are realized.
The committee further recommends that this plan be organized around
addressing a progression of three scientific questions’ that attempt to
document the effect of Phase II RFG on ozone precursor compounds and
their ozone-forming potential. (Ideally, such a plan would include a
fourth question that addresses the effect of the Phase 11 RFG on ozone
concentrations. However as discussed above, it is unlikely that such a
signal in ambient ozone concentrations could be discernible given the
relatively large variability in ozone, the myriad factors that affect ozone
concentrations, and the rather small overall impact REG is projected to
have on ozone.) The three questions recommended here for consider-
ation are briefly discussed below. '

Question 1: Do in-use Phase Il RFG blends decrease the emissions from
LDVs?

This first question can be addressed in much the same way that the
potential air-quality benefits of RFG were initially assessed in studies
such as the AQIRP and California Ethanol Testing Program (see Chapter
7). Representative vehicles can be selected and then subjected to emis-
sions tests using dynamometers, etc. In this case, however, actual, in-use
Phase II RFG would be used instead of prospective RFG formulations.
Fungibility issues, such as that related to in-tank blending of RFGs, could
then, in principle, be directly tested and assessed.

"These questions tend to mirror the progression of questionsincluded in the
Decision Tree in Figure 6-1. :
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Question 2: Are changes in emissions resulting from the use of Phase Il RFG
blends observable under driving conditions?

Although measurements of LDV emissions in a laboratory setting
are informative, they do not necessarily represent the emissions of LDVs
in operation under actual driving conditions. Confirmation that
laboratory-measured emission reductions also occur on the road can be
obtained through tunnel studies and remote sensing of tailpipe emis-
sions. As noted earlier in this chapter, these measurements characterize
LDV emissions under a limited set of conditions and, as such, do not
comprehensively quantify LDV emissions. Nevertheless, they do provide
a real-world test of the emissions and as such are an important step in

linking laboratory-measured LDV emissions to an ambient concentrations
signal.

Question 3: Are changes in emissions resulting from the use of Phase Il RFG

blends observable as a signal in the ambient concentrations of ozone precur-
sor compounds?

Establishing the connection between changes in LDV emissions and
the ambient concentrations of the compounds contained in those emis-
sions is a more-formidable task. The most-straightforward approach for
accomplishing such a task is through the use of time-series analyses of
a long-term record of ambient concentrations of VOC, CO, and NO, to
isolate a signal that can be associated with Phase [I RFG. However, this
approach presents a variety of challenging problems. The time-series
record must encompass a period significantly before as well as after
initiation of Phase II RFG and the data set must include highly accurate
and precise measurements. Even under those circumstances, identifica-
tion of a shift in the time series of the quantity of interest due to RFG can
be obscured by other transient factors (e.g., meteorological variations or
implementation of other emissions control programs). Therefore, there
is a need to develop and evaluate techniques for detecting ambient
effects of a control program separately from the effects of meteorological
variability. _

For those reasons, it is recommended that an alternative approach
be taken to document the effect of Phase II RFG usage on ambient
precursor concentrations. This alternate approach would be to use
measurements of various tracers in conjunction with measurements of
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VOC, CO, and NO, to (1) characterize the contributions of LDV emissions
to the concentrations of ozone-precursor compounds; (2)estimate the
ozone-forming potential of these compounds through the application of
various observation-based methods (e.g., Cardelino and Chameides
1995); and (3) document the change in this contribution that can be
attributed to the use of RFG. Tracer species that would be useful in this
regard include those that could be used to identify LDVs emissions (e.g.,
acetylene for LDV exhaust), as well as those that could serve as a finger-
print of ernissions from LDVs using RFG (e.g., MTBE). These measure-
ments would ideally be made in a variety of locations within and sur-
rounding each severe nonattainment area to document effects occurring
on regional scales as well as local or urban scales. Especially important
in this regard would be the enhancement of monitoring capabilities in
rural areas of the United States.

SUMMARY

The first investigation in this chapter focused on determining if changes
in ozone precursors (NO, or VOCs, CO, air toxics, and oxygenates) have
been observed in the emissions studies done on individual vehicles tested
under controlled conditions in the laboratory. The most comprehensive
study undertaken to date of the effects of varying gasoline properties, the
Auto/0il Air Quality Improvement Research Program (1989-1995),
indicated that substantial ozone-precursor emissions reduction benefit
should be achieved by RFG. Decreases in the ozone-forming potential
(as measured by the MIR scale) of emissions from LDVs of as much as
20% appear to be possible, The most dramatic effects on ozone-precur-
sor exhaust emissions seen in the various gasoline compositional matri-
ces studied were those due to lowering the fuel’'s RVP and the amount of
sulfur-containing compounds. Only slight reductions, less than 10%, in
the CO and VOC emissions can be ascribed to the addition of either
MTRBE or ethanol.

The second investigation focused on determining if changes in NO,
or VOCs, CO, air toxics, and .oxygenates, have been ohserved in the
emissions studies done in tunnels or from remote sensing of exhaust.
From a qualitative point of view, these studies appear to be consistent
with the laboratory tests. Reductions were observed in the LDV emis-
sions of NO,, VOCs, CO, and various toxics, and they appear to be at
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least partially attributable to the introduction of RFGs. Formaldehyde
emissions were found to increase—most likely from the combustion of
MTBE. These studies also indicated that high-emitting vehicles are
responsible for a disproportionate share of the VOC and CO emissions.
The tunnel studies and remote-sensing measurements also indicated that
the addition of oxygenates to fuel substantially reduced the emissions of
CO and VOCs from these high emitting vehicles, perhaps because these
high-emitters are operating with faulty or nonfunctioning catalytic
converters. However, the data from these studies could not be used to
discern the relative air-quality benefits of fuels using MTBE or ethanol.

The third and final investigation sought to identify RFG effects in
the ammosphere by analyzing ambient data. Such an undertaking is
easily confounded by competing and offsetting interferences (e.g.,
meteorological variations and the existence of other contemporary
control programs), and statistically significant trends specifically attribut-
able to the RFG program could not be identified. Several areas of the
country have seen significant improvements in air quality, including
reductions in ambient CO and ozone concentrations. In the case of CO,
it appears that some portion of the decrease can be attributed to the
addition of oxygenates to fuels but the magnitude of the oxygenate effect
is not spatially uniform and in some areas is too small to discern with
statistical confidence. In the case of ozone, it is not clear if any portion
of the concentration decrease can be directly associared with the addi-
tion of oxygenated compounds to motor fuel or the development and use
of RFG.

Thus, it would appear that RFGs have an impact on ozone-precursor
emissions from LDVs by reducing both the mass and ozone-forming
potential of these emissions. However, discerning a statistically signifi-
cant effect of RFGs on ambient ozone concentrations has thus far proven
to be quite difficult. This is most likely because ambient ozone concen-
trations tend to be quite variable from year to year and the RFG program
is but one of a multitude of ozone-mitigation programs underway in the
nation whose impact on ozone is of a similar or larger magnitude, Thus,
air-quality models—which are themselves subject to significant uncer-
tainty—present the only avenue for estimating the magnitude of the
effect of RFG on ozone concentrations. As described in Text Box 6-1,
simulations using these models indicate that the overall reduction in
ozone from the implementation of the RFG program is likely to be a few
percent. This finding should not be interpreted to mean that RFG use is

EFFECTS OF REFORMULATED GASOLINE ON OZONE AND ITS PRECURSORS 171

TexT Box 6-1 Model Predicted Effects of RFG
On Ground- Level Ozone

Laboratory tests and tunnel studies suggest that the use of RFGs in LDVs
lowers the ozone-forming potential (as measured by the MIR scale) of an
individual vehicle's emissions using an RFG blend with the lowest MIR by
about 20% (see Figure 6-4). Yet, analysis of ambient data is unable to
identify a discernible impact on ground-level ozone concentrations. Does
that indicate an inconsistency or gap-in our understanding of the processes
that lead to the formation and accumulation of ozone pollution? Not
necessarily. In the first place, ozone concentrations generally do not
respond in a linear fashion to decreases In VOCs (see discussion in Chapter
2). Moreover, emissions from LDVs represent only a fraction of the total
VOC ernissions in an airshed. Thus, it might be expected that the effect on
ambient ozone of a ~20% decrease in the reactivily of motor—vehlcle
emissions would be considerably less than 20%. ‘

A more quantitative assessment of the probable impact of RFGs on
. ozone can be made using alr-quality models, One could ask, Are changes in
emissions resulting from the use of RFG blends observable in air-quality
models, and has the performance of those models been evaluated? A
version of the gridded Urban Airshed Model was exercised as part of the
AQIRP study to do just such an assessment (AQIRP 1997a). In this study,
the Urban Airshed Model was used to simuiate ozone concentrations when
different RFG fuels were used for conditions typical of Los Angeles;, New
York, and Chicago-Milwaukee. Simulations were first carried out for a -
historical ozone episode in each metropolitan area (Los Angeles, August
26-28, 1987; New York, July 9-11,'1988; and Chicago-Mitwaukee, June
24-28, 1991). RFG effects on ozone were then estimated using the same.
meteorotogical conditions that occurred during the historical episode and
emissions projections for 2000 and 2010 that included the emissions
reductions for motor vehicles predicted by the data from the Auto/Oil study.
Table 6-6 lists the predicted change in peak ozone for each simulation for
changes in Ts,, Tgo, and sulfur content of the fuels. As might be expected,
jowering these fuel properties does in fact tead to a decrease in peak ozone
concentrations, - However, the ozone decrease is quite sman——~about‘1 part
per billion by volume (ppb) or less—-—although m many cases stlll
statlstlcally 5|gnmcant ‘ . .

:éc.)htinue‘d onnext ‘page)




172 OZONE-FORMING POTENTIAL OF REFORMULATED GASOLINE

(Contintied from previous page) T '

An mdependent mode assessment of the impact of the federal RFG
program was carried out by the New York State Department of
Environmentat Conservation using the emissions inventory prepared by the
Ozone Transport Assessment Group (OTAG).- The study Involved a regional-

- scale application of the Urban Alrshed Model (UAM-V) with a modeli

-'domain covering much of the eastern third of the continent. The regions
where the RFG program was impiemented.during 1995 is presented in
Figure 6-12. A comparison of medel simulations of a multi-day ozone
episode during July 7-18, 1995, with and:without the RFG program .

- indicates ozone decreases up to 3 pph over Chicago, Lake Michigan, and

 along the northeastern corridor (see Figure 6-13). Of course it should be
.recognized that air-quatity models simulations are themselves uncertain

' because of the uncertainties in both the algorithms (e.g., the chemical
mechanisms) and the input data (e. g.;:the emission inventories) used to
run the models. Even recognizing these uncertainties, it seems unlikely
.that the RFG program could result in ozone. .decreases of more than 10

- ppb;. For example, even if the mobile source emissions used in the model

- stmulations were underestimated by a factor of 2, the maximum ozone

- decrease would prabably be less. than'10% at: most because peak ozone
concentrations general!y respond nonlinearly to changes in 0zone precursor
concentratlon. A "

- Thus; model slmulattons predict that RFG has a beneflcial effect of a

-few percent on overall ozone concentrations. 1t is therefore not surprising

- that dlscerning an RFG-signat.in the ambient ozone data has proven to be
difficult:. t'also - suggests that it will be difficult to discern the impacts of
two RFG blends with subtle differences’in thelr properties This issue is

p addressed as acase study in Chapter’,

ineffective. As noted earlier, reduction of RVP in gasoline prior to the
RFG program is thought to have had a significant air-quality benefit. As
discussed in the next chapter, such a reduction size limits the ability to
document the benefits of RFGs and to reliably distinguish between the
ozone-forming potentials of different RFG blends.
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TABLE 6-6 Predicted Effects on Peak Hourly Ozone Concentrations Expected Due to
Changes in Certain Fuel Compaosition Variables in Three Cities As Estimated by Using
the Urban Air Shed Model®

Change in Fuel Variable®

T M{215°F to  T,(325°Fta  Sulfur (320to
City, Year, Episode Day* 185°F) 280°F) 35 ppm)

Change in Peak Ozone {ppb) from
That of the Historical Episode

Los Angeles, August 28, 1987

2000 -0.3+03 -09%03"

2010 -0.1+02 -01%02

New York, July 11, 1988

2000 -0.1+0.1 -04%01* -04+01"
2010 0.0£0.1 0.1+0.1 -0.4+0.1"
Chicago- Milwaukee, June 26, 1991

2000 ~0.8+07* -1.2%209* 0.0%09
2010 -02+07 -10+08* 04%08
Chicago- Milwaukee, June 27, 1991 '

2000 : -06+05* -09%07* -0.2%07
2010 -0.1+04 -05+04* 01104
Chicago- Milwaukee, June 28, 1991

2000 -03+02* -05+03* -0.2+0.3
2010 -0.1+%02 -03+02* 0.0+02

*The predicted effects may not be reflective of the greatest change in gasoline
composition such as changes from the late 1980s to when California Phase 2 RFG
began to be used.

bMain effects are shown with 95% confidence intervals. An * denotes statisti-
cally significant effects.

*Data from the location and date that was used to establish meteorological
conditions employed in each simulation.

“The effects of T., on ozone may be underestimated because only the effects
on emissions from lower exhaust emitters are included. The effect of T, on emis-
stons from higher emitters could not be estimated from the availablie data and are
assumed to be zero.

Source: AQIRP Technical Bulletin No. 21, 1897a.
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FIGURE 6-13 Maximum change in ozone from RFG as predicted by the UAM-V mode!
for July 7-18, 1895 episode.

7

Using Ozone-Forming Potential to
Evaluate the Relative Impacts of
Reformulated Gasolines: A Case Study

As pIscusseD IN Chapter 6, reformulation of gasoline has the potential tc
substantially reduce the light-duty motor-vehicie (LDV) mass emissions
of VOCs, NO,, and CO, as well as air toxics. Moreover, the emissions
reductions resulting from the use of many of these formulations are
sufficiently large to satisfy the requirements of the federal Phase Ii and
California Phase 2 Reformulated Gasoline (R¥G) programs, Thus, it i
believed that the federal and California RFG programs will have a miti:
gating impact on ozone poilution, although various analyses suggest thai
the magnitude of the effect is not likely to be large (i.e., on the order o
a few parts per billion) even if emissions from LDVs are underestimatec
by a factor of 2 or so.

This chapter turns to a more-subtle and more-difficult issue: name
ly, discerning the relative air-quality benefits of RFG blends using differ
ent amounts and types of oxygenated compounds. Because the mass o
VOC emissions can be a misleading indicator of the ozone-formin
potential of these emissions, the committee assessed the air-qualit
benefits of various RFG blends on the basis of the reactivity of thes
emissions as well as their mass. 1t should be noted at the outset, how
ever, that this is a difficult task. Recall from Chapter 6, that the overa
reduction in the reactivity of LDV emissions from the use of RFGs (ove
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that from conventional gasoline) is at most about 20%. The variation in
the reactivity of emissions arising from various RFGs that differ in rela-
tively minor ways (e.g., in oxygen content) is likely to be substantially
smaller. On the other hand, recall from Chapter 3 that the uncertainty
in the reactivities of a composite set of VOCs arising from a single source,
such as motor vehicles, is probably also generally about 20%. Thus, a
major challenge in this analysis was determining whether the difference
in the reactivities of LDV emissions derived for two or more RFGs is
statistically significant. In the analysis presented here, the committee
adopted the so-called “paired t test™ to make this determination.

In the sections that follow, a brief overview of the paired t test and
its relationship to statistical uncertainty is provided. This methodology
was applied to assess the statistical significance of differences in the LDV
emissions arising from a subset of fuels studied by Auto/Oil Air Quality
Improvement Research Program (AQIRP) and the California Air Re-
sources Board (CARB). These fuels and their general properties are
listed in Table 7-1 (and more detailed fuel properties are given in Table
6-1). Two approaches are used to estimate the LDV emissions from these
fuels: one based solely on the experimental data arising from the emis-
sions studies themselves, and the other using the Complex and Predictive
Models. In order to assess the role of oxygenates and, more specifically,
the relative roles of MTBE and ethanol, the subset of fuels included in
this analysis was selected to provide a range of oxygen contents from
to 3.4% by weight (recall that the federal RFG program calls for a mini-
mum oxygen content of 2% by weight), with this oxygen coming from
MTBE or ethanol.

The subset of fuels used in this study were chosen to look for the
effects of substituting MTBE by ethanol in otherwise closely similar fuels.
Clearly, it would be preferable to use data on MTBE-containing and eth-
anol-containing fuels with the same fuel oxygen content or similar oxy
‘genate volume percent, with all other chemical and physical properties
(other than the presence of MTBE or ethanol} being the same, However,

'There are a variety of other statistical procedures that could be adopted.
For example, in 1998, CARB completed a similar analysis using two methods
(CARB 1998). One involved a comparison of arithmetic-averages without
estimating uncertainty. The other was a more-rigorous statistical approach that
analyzed effects due to differences in vehicles as well as effects due to differ-

ences in fuel composition. Both approaches yielded conclusions that are very
similar to the ones presented here,
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TABLE 7-1 Properties of the Fuels Selecied for the Case Study®

Fuel Ethanol (vol%) MTBE {vol%)  Oxygen (wi%) RVP {psi]°®

AQIRP Phase I

F 0 0 0 88
.S 0 0 o 8.0

U 9.7 0 34 9.6

T 9.7 0 3.4 9.3

N2 0 145 2.6 88

MM 0 14.8 2.7 8.0

AQIRP Phase II*

€1 0 ¢ 0 6.9

c2 0 11.2 2.0 6.8

California Ethanol

Tesling Program®

63 0 11.6 2.1 6.9

64 11.2 0 ' 3.9 7.8

*See Table 6-1 for a more-detailed tabulation of the fuel properties.

® RVP (psi), Reid vapor pressure {pounds per square inch),

‘Fuel benzene, 1.4 * 0.1 vol%; aromatics, 19.1-22.2 vol%; alkenes, 3.1-5.4
vol%; sulfur, 246-345 parts per million {ppm by wt).

YFuel benzene, 0.93-0.94 vol%; aromatics, 22.7-25.4 vol%; alkenes, 4.1-4.6
vol%: sulfur, 31-38 ppm by wt.

*Fuel benzene, 0.82-0.83 vol%; aromatics, 23.3 vol%; alkenes, 4.8-4.9 vol%;
sulfur, 32-34 ppm by wil.

the available database did not altow such a straightforward comparison;
the fuels chosen were the best available to the committee and differ in
the percent (by weight) of oxygen and the percent (by volume) of etha-
nol compared with MTBE (see Table 7-1).

ASSESSING WHETHER EMISSIONS AND REACTIVITY
DIFFERENCES ARE STATISTICALLY SIGNIFICANT

As discussed in Chapter 3, the calculation of reactivity for any given VOC
or combination of VOCs can be in error for any number of reasons (e.g.,
errors in the chemical mechanism used to calculate the reactivity factors,
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ot errors in the speciation assumed for the VOC mixture). As a result,
there is an uncertainty associated with the reactivity calculated for the
emissions from any source, including those arising from the individual
LDV using various blends of RFGs. The magnitude of the uncertainty in
these reactivities is a crucial piece of information needed to decide
whether one RFG blend is preferable over another from an air-quality
point of view.

The uncertainty in any measured parameter, including those related
to LDV emissions, can arise from both random and systematic errors.
Systematic error is defined as the difference between the true value of
the quantity of interest and the value to which the mean of the measure-
ments converges as more measurements are taken. These types of errors
can arise from faulty experimental protocols or incorrect model assump-
tions, and introduce a bias into the results. Scientists and engineers
always seek to eliminate all systematic errors. Nevertheless, the possibil-
ity of unidentified systematic errors can rarely be totally eliminated and,
because they are often unidentified, they are difficult to quantify.

Random errors are somewhat easier to characterize by adopting a
probabilistic or statistical approach. For example, take fuel g and fuel b
and suppose that each fuel is tested on m different vehicles. On the basis
of these m tests, the mean (or average) reactivity for each fuel can be
calculated from

m

— 1 ]
R.=—S'(R.).,
X mé( X)l (7-1)

where R, is the mean reactivity for fuel x (x = a or b), and (R)), is the
reactivity for fuel x obtained from test i, The variance is estimated by

(s,)? =—1-—Z((Rx)f - R,J? (7-2)

(m - 1)

Together R, and.(s,)? describe the probability that a new measurement
of R, will have a specific value, with R, being the most probable value

and s, describing the spread of values about E; . When the probability
can be described by a probability density function (as in Figure 7-1),
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FiGuRe 7-1 The probability density distribution for a population of reactivities, R, for
fuel X about the population mean (1.} with a variance given by (G,)°.

there is a 68% probability that an additional measurement of R_ will lie
between _I_{: - s, and }_2: + s, and a 95% probability the measurement
will le between ﬁ: - 25 and E: + 2s..

Although s, defines the spread in the population of measured values
of R, it does not define the uncertainty with which the mean reactivity,

R, , is defined. To do this, the standard deviation of the mean’ is used:

Spx = L. (7-3)

21n this report, “uncertainty” and the “standard deviation of the mean” are
used interchangeably. It should be borne in mind, however, that this metric of
uncertainty only includes that arising from random errors and not those from -
systematic errors.
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The 1-s confidence interval (i.e., the interval between E; - S, and

R, + S,..) Will contain the true or actual reactivity of fuel x 68% of the
time and the 25, , confidence intervai will contain the true reactivity 95%
of the time.

For a decision maker confronted with choosing between two RFG
blends on the basis of their reactivity, a critical question is whether the
difference in the two reactivities is statistically significant. The answer
to this question is closely tied to the magnitude of the standard deviation
of the mean, s, for the two fuels. The smaller the values for s,,,, the
greater the likelihood of being able to establish that a small difference
in reactivities is statistically significant. Thus, by inspection of Equation
7-3, we see that the most useful emissions studies for this purpose are
those that involve a large number of (vehicle) tests and minimize the
sources of random experimental error (e.g., from temporal fluctuations
in laboratory conditions).

However, simply knowing the magnitudes of the s, values does not
in and of itself provide the answer to the question of staristical signifi-
cance. A set of rules must be adopted for deciding whether any similar-
ity or difference in the reactivities of two RFG blends is in fact statisti-
cally significant. Typically, these rules include an appropriate type of
statistical test and a selection of the level of confidence that will be
required to certify statistical significance. Although the statistical test is
an objective procedure, the setting of the level of confidence is a more-
subjective exercise that relates to the concerns and priorities of the
decision maker. In general, the decision maker must decide whether it
is more important to avoid falsely concluding that a difference exists or
to avoid falsely concluding that no difference exists. If a decision maker

‘uses a difference in the mean reactivities measured for two fuels to
implement a given control policy (e.g., choosing fuel a over fuel b on the
basis of experimental data) but, in fact, there is no difference in the real
world, the decision maker has committed a Type I error (faisely conclud-
ing that a difference exists). Such an error might not have a negative
impact on air quality, but it could very well incur unnecessary economic
costs. If on the other hand, the decision maker decides that the two
reactivities are not significantly different and thus does not choose fuel
a over fuel b when in fact the true reactivities are different, the decision
maker has made a Type 1l error (falsely cancluding that no difference
exists). In this case, the error could have an unintended negative air-
quality impact. Choosing which error is more important to avoid and
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setting an acceptable level of risk of committing either error are policy
decisions. The following discussion illustrates how one statistical ap-
proach can incorporate such choices when assessing fuels based on
ozone-forming potential.

Consider an experiment in which motor vehicles are randomly
selected for emissions testing. Each vehicle will be used to combust fuel
a and fuel b, and the reactivities of the emissions are obtained, R, and R,
respectively. The null hypothesis (typically denoted by statisticians as
“H,”) is that there is no difference in the reactivities of emissions from a
sampling of vehicles using fuel a versus fuel b, that is, u, = g,. The
alternative hypothesis (denoted by statisticians as “H,”), specifies that pt,
* [

“The two-tailed paired t test provides a methodology for determining
the confidence or statistical probability that H,can be rejected in favor
of H, or vice versa. One of the parameters calculated in a paired ¢ test is
the so-called “p value.” This parameter can vary between 0 and 1 and

‘increases as the difference in the emissions between two fuels becomes

smaller and/or less statistically significant. It is defined as the probabil-
ity that the null hypothesis, H, is true, and it thus equal to (1 - probabil-
ity) that H, is false. Representative p values and the various probabilities
implied by these values are listed in Table 7-2. For example, if the p
value for a given paired t test is 0.05, there is a 5% probability that the
null hypothesis is correct and a 95% probability that the null hypothesis
is incorrect. {Another way of stating this is to say that the two reactivi-
ties are statistically different at the 95% confidence level.) On the other
hand, if the p value for a given test is 0.95, there is 95% probability that
the null hypothesis is correct, and so forth.

Because the p value is the probability that the null hypothesis is
true, it is equivalent to the probability of making a Type I error (i.e.,
incorrectly choosing one fuel over another when there is in fact no
difference in their emissions). Thus, when a small p value (reflecting
large and significant differences in the reactivities of two fuels) is ob-
tained, there is a relatively small probability of making a Type ! error.
In this case, the decision maker could choose the lower reactivity fuel
with a high degree of confidence. On the other hand, when a large p
value is obtained, a decision maker is likely to make a Type I error by
choosing the fuel with the apparent, but not statistically significant lower
reactivity.

In general, as the probability of making a Type [ error increases, the
probability of making a Type II error (i.e., not choosing the lower reac-
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Table 7-2 Representative p Values and Associated Probabilifies for a Two-Tailed ¢
Test on Reactivilies A, and R,

Frobability (%} of Making Probability {%} of Making
Probability (%) Type I Error by Choosing  Type | Error by Nat Choosing
pValue That £, # A,  One Fuel over the Other  One Fuel over the Qther

0.01 39 1 High
0.05 95 5

0.1 90 10

0.15 85 15

0.2 80 20

0.4 60 40 _ Moderate
0.6 40 60 .

0.8 20 80 Low

tivity fuel) decreases. Thus, low p values irﬁply a high probability of a
Type If error if a decision maker decides to not choose the lower reactiv-
ity fuel, while high p values imply a low probability of a Type II error.

FUELS AND EMISSIONS DATA FROM THE AQIRP STUDY

Asindicated in Table 7-1, eight fuels from the AQIRP study were selected
for detailed analysis here: six from AQIRP Phase I and two from AQIRP
Phase II. Collectively, the eight fuels provide a range of properties
related to oxygen content and type of oxygenate. Fuel F, used in Phase
I of the AQIRP, was an RFG with low aromatic content, low alkene
content, low Ty, and no oxygen. Fuel S was similar to fuel F, but with
less butane, which resulted in a lower Reid vapor pressure (RVP).
Approximately 10% ethanol was splash-blended into fuels F and § to
form fuels U and T, respectively. As a result of this splash blending, the
RVPs for fuels U and T were about 1 pound per square inch (psi) higher
than the RVPs of fuels F and S. Fuels N2 and MM, on the other hand,
contained oxygen but in the form of MTBE instead of ethanol. The
MTBE was fully blended to the specifications of fuels F and S, respec-
tively. As a result, no dilution effect on aromatic content, alkene con-
tent, or Ty, was produced and the RVPs of fuels N2 and MM were identi-
cal to those of fuels F and S, respectively (Table 7-1). Fuel C2, used in
AQIRP Phase 11, was a low-sulfur RFG that contained MTBE and met the
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1996 California Phase 2 regulatory requirements (see Chaptier 5), where-
as fuel C1 was a fuel blended to essentially the same requiremenis, but
without MTBE. :

Emissions for all Phase [ fuels (F, S, U, T, N2, and MM) were mea-
sured using current-fleet vehicles. The Phase Il fuels (C1 and C2), on the
other hand, were tested using current-fleet vehicles, federal Tier I vehi-
cles, and advanced-technology vehicles (see Chapter 4). It also should
be noted that al! of the vehicles in the AQIRP study were well-maintained
and properly functioning and thus the data do not address the probable
substantial contributions from high-emitting vehicles to overall precursor
emissions.

Tables listing the LDV emissions from each of these fuels derived
from the AQIRP data are presented in Appendix D. These data were
gathered using the Federal Test Procedure (FTP) for exhaust and evapo-
rative emissions according to the procedures described by Rueter et al.
(1992) for the Phase I fuels and Burns et al. (1995) for the Phase II fuels.
In the case of the Phase 1 fuels, data for exhaust, diurnal, and hot-soak
emissions are presented. Although running-loss emissions were also
measured for the Phase I study fuels, only a small number of tests were
carried out (n = 6 for fuel F; 9 for fuel U; and 2 each for fuels §, T, N2
and MM) and the observed variations were very large (e.g., running-loss
mass VOC emissions for the six vehicles tested with fuel U varied by a
factor of ~2,000). Accordingly, it is unlikely that these data are repre-
sentative of the on-road vehicle fleet, and thus the running-loss data for
these fuels are not considered here. Nevertheless, it should be borne in
mind that high running losses due to fuel leakages and improper vehicu-
lar maintenance can be an important or even dominant source of VOC
emissions from modern vehicles. In the case of the Phase 11 fuels, diurnai
and running-loss emissions wetre not measured. Moreover, hot-soak
emissions from fue] C1 were measured on only one advanced-technolagy
vehicle and only three advanced-technology vehicles for fuel C2. Giver
this small sample size, the results of the hot-soak-emissions tests for thi
class of vehicles are not discussed here.

In addition to the mass of emissions, the tables in Appendix I
indicate the total and specific reactivities® of the emissions. The exhaust

%Al reactivities discussed here are based on the maximum incremental
reactivity (or MIR) scale and are derived using reactivity factors caleculated from
the SAPRC 1997 chemical mechanism. Similar conclusions are obtained using
the SAPRC 1990 and SAPRC 1993 chemical mechanisms (see Chapter 3).
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emissions reactivities include carbon monoxide (CO). The committee
has found that CO typically contributes 15% to 25% of the total exhaust-
emissions reactivity independent of the fleet type (i.e., current, federal
Tier 1, or advanced technology). Thus, the contribution of CO to the
exhaust reactivity is quite substantial and should not be neglected.
Before turning to an analysis of the differences in the emissions

from the various fuels, it is relevant to note the rather large variability
in the data from the AQIRP study. Inspection of the tables in Appendix
D reveals that the mass of emissions (in units of grams per mile) mea-
sured for a given fuel often varied from one vehicle test to another by a
factor of two or more and sometimes by more than a factor of five. This
variability is perhaps not surprising in light of earlier discussions in this
report of the myriad factors that can influence LDV emissions. Neverthe-
less, this large variability—compounded with the relatively small number
of independent tests carried out for each fuel (typically less than
10)—tended to produce relatively large variances in the mean emissions
for each fuel.

 Given the substantial variability in emissions of the various vehicles
tested with fuels A and B, the committee used logarithm[(emissions
using fuel A) + (emissions using fuel B)] for each vehicle used in the
paired t test. The use of such an approach assumes, reasonably, that
substituting fuel A for fuel B causes a constant fractional (or percentage)
change in the emissions being considered (CO, NO,, VOC, etc.). When
a number of tests was available for a given vehicle-fuel combination, an
arithmetic mean was used for input into the logarithm [(emissions using
fuel A) + (emissions using fuel B)]. Obviously, only vehicles for which
emissions tests were carried out using both fuels could be used in the
paired t-test statistical analysis.

Effect of Reid Vapor Pressure

In addition to affecting the oxygen content, the presence of oxygenates
(and especially ethanol) in gasoline can increase the fuel'’s RVP, More-
over, a primary effect of increasing the RVP of gasoline is to increase the
evaporative emissions from LDVs. In the committee’s assessment of the
impact of oxygenates on RFG emissions, it would be useful, therefore, if
one could separate out the effect of RVP increases from that of the
addition of oxygen. Toward that end, it is instructive to assess what
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effect increased RVP in the AQIRP fuels had on the emissions measured
during that study. Inspection of Table 7-1 indicates that there are three
fuel pairs with very similar properties except for their RVPs; comparison
of the emissions from these pairs thus provides an opportunity to assess
the effect of RVP observed by AQIRP. The fuel pairs are

1. Fuel S {oxygen = 0%, RVP = 8.0 psi) vs. fuel F (oxygen = 0%,
RVP = 8.8 psi).

2.  Fuel MM (oxygen = 2.7% using MTBE, RVP = 8.0 psi) vs. fuel
N2 (oxygen = 2.6% using MTBE, RVP = 8.8 psi).

3. Fuel T (oxygen = 3.4% using ethanol, RVP = 9.3 psi) vs. fuel
U (oxygen = 3.4% using ethanol, RVP = 9.6 psi).

The reader will note that while the first two fuel pairs have a 0.8-psi dif-
ference in RVP, the third pair has only a 0.3-psi difference in RVP. Thus,
if RVP has an effect on emissions, one might expect to find a larger dif-
ference in the emissions from the first two pairs compared with the third.

A comparison of the exhaust, diurnal, and hot-soak emissions of
these fuel pairs, and the statistical significance of the differences in terms
of the p values are presented in Tables 7-3, 7-4, and 7-5, respectively.
Little evidence of a statistically significant effect of RVP is seen from
these tables. In most cases, the p values were well above the 0.05 thresh-
old to establish 95% confidence. However, Table 7-3 indicates a consis-
tent decrease in CO emissions for the use of lower-RVP fuels, This
observation is in agreement with the findings of Reuter et al. (1992),
whose findings were based on eleven fuels in the AQIRP Phase 1 study
(including the six used here) selected to investigate the effects of RVP
and oxygenates on vehicular emissions. Reuter et al. (1992) found that,
after combining the results from non-oxygenated fuels with fuels con-
taining MTBE or ethanol, a 1.0-psi reduction in RVP resulted in a reduc-
tion in exhaust CO emissions of 9.1% (significant at the 95% confidence
levels). On the other hand, some unexpected (even curious) results

- appear. For example, although the major effect of lower RVP is thought

to be to lower evaporative emissions, the data presented here by no
means confirm this trend. In fact, for each emissions category, lower
RVP is associated with higher diurnal or hot-soak emissions in at least
one of the three fuel pairs considered here. In the case of hot-soak
emissions, a lower RVP fuel produced a higher reactivity that was signifi-
cant at the 93% confidence level.
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TaBLe 7-3  Effect of RVP on Exhaust Emissions from Three AQIRP Fuel Pairs
% Decrease in

Emissions
Attributable to
Fue! Pair Lower RVP!  pValue®  Summary
A. Effect on mass of VOC emissions (g/mi)
S/F -9 0.2 Data from fuel pairs inconsistent. In

first case, ~80% probability that high-
MM/N2 11 0.04 er RVP fuel has lower emissions; in
: the second, >95% probability that
tower RVP has lower emissions: and
in the third, >60% probability that
RVP has no effect on emissions.
8. Effect on mass of CO emissions {g/mi)

/U 1 0.6

S/F 7 0.3 Data indicate >40% probability that
MM/N2 19 0.009 lower RVP fuel has fower emissions.
/U 10 0.4 Probability of Type | error smal.

C. Effect on total reactivity (g 0,/mi)

S/F -7 0.5 Mo consistent, statistically significant
MM/N2 12 0.2 effect apparent,

T/U 1 0.70

D. Effect on mass of NO, emissions [g/mi)

S/F -7 0.1 No significant and consistent effect
MM/N2 6 0.8 apparent.

T/U 0 0.2

1% decrease = [{emissions with fow RVP) - (emissions with high RVP)] +
{emissions with high RVP). Negative value indicates an emissions or reactivity in-
crease with lower RVP,

?Based on logarithms of means,

Effect of Oxygenates Using MTBE

Inspection of Table 7-1 indicates that there are three fuel pairs that
can be used to assess the effect of adding MTBE to gasoline, two from
AQIRP Phase I and one from AQIRP Phase II. In each case, the fuel pairs
have essentially identical RVPs, and as a result, the comparisons are well-
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TaBLE 74 Effect of RVP on Diurnal Emissions from Three AQIRP Fuel Pairs
% Decrease in
Emissions
Attributable to

Fuel Pair Lower RVP'  pValue®  Summary

A. Effect on mass of YOC emissions {g/test)

S/F 36 0.02 Nonoxygenated fuels show significant
decrease in emisstons with lower RVP.
- 0.3
MM/N2 3 However, data for oxygenated fuels do
T/U 16 0.2

not consistently confirm this trend.
B. Effect on total reactivity (g Q,/1est)

S/F 29 0,01 Nonoxygenated fuels show significant
decrease in reactivity of emissions
MM/N2 . -8 0.1 with lower RVP. However, data for
03 oxygenated fuels do not consistently
: confirm this trend.

1% decrease = [{emissions with low RVP) - (emissions with high RVP)] =
{emissions with high RVP). Negative value indicates an emissions or reactivity in-
crease with lower RVP.

2Based on logarithms of means,

T/U 13

TasLe 7-5 Effect of RVP on Hot-Soak Emissions from Three AQIRP Fuel Pairs
% Decrease in

Emissions

Attributable to
Fuel Pair Lower RVP!  pValue®  Summary
A. Effect on mass of VOC emissions (g/test)
S/F 16 0.7 No consistent statistically significant
MM/N2 -20 0.1 effect of RVP on emissions is appar-
T/u 9 -po3 o
B. Effect on total reactivity (g O,/test)
S/F 16 0.8 No consistent statisticaily significani
MM/N2 -31 0.07 effect of RVP on reactivity of emis-
T/U 7 01 sions is apparent.

%, decrease = [(emissions with low RVP) - (emissions with high RVP}] -
{emissions with high RVP). Negative value indicates an emissions or reactivity ir
crease with lower RVP,

Based on logarithms of means.
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suited to isolating the effect of the oxygenated additive. The fuel pairs
are

1. Fuel N2 (oxygen = 2.6% using MTBE, RVP = 8.8 psi) vs. fuel
F (oxygen = 0%, RVP = 8.8 psi).

2. Fuel MM (oxygen = 2.7% using MTBE, RVP = 8.0 psi) vs. fuel
S (oxygen = 0%, RVP = 8.0 psi).

3. Fuel C2 (oxygen = 2 % using MTBE, RVP = 6.8 psi) vs. fuel C1
(oxygen = 0 %, RVP = 6.9 psi).

With regard to fuel pair C2 and C1, it should be noted that (1) compari-
sons can be made with three types of vehicles-——current fleet, Tier I, and
advanced technology—and (2) no data are available for diurnal emis-
sions.

A comparison of the exhaust, diurnal, and hot-soak emissions of
these fuel pairs, and the statistical significance of the differences are
presented in Tables 7-6, 7-7, and 7-8, respectively. As in the previous
comparisons, there is little evidence here to suggest a statistically signifi-
cant effect of MTBE. In most of the emissions categories, the various fuel
pairs produced conflicting results, with the MTBE fuel having lower
emissions (or reactivity) in some cases and higher emissions (or reactiv-
ity} in other cases. The most consistent effect is an increase in NO,
exhaust emissions from MTBE (Table 7-6D). There are also suggestions
of an increase in the mass and reactivity of hot-soak VOC emissions
(Table 7-8B), as well as a decrease in CO exhaust emissions (Table 7-6B)
from the addition of MTBE, :

Effect of Ethanol vs. MTBE

There are two fuel pairs (both from AQIRP Phase I) that provide an
indication of the relative effects of using MTBE or ethanol as an oxygen-
ate in RFG. These are

1. Fuel T (oxygen = 3.4% using ethanol, RVP = 9.3 psi) vs. fuel

MM (oxygen = 2.7% using MTBE, RVP = 8.0 psi).
2. Fuel U (oxygen = 3.4% using ethanol, RVP = 9.6 psi) vs. fuel
N2 (oxygen = 2.6% using MTBE, RVP = 8.8 psi).

Note that in both cases, the ethanol-blended fuel had about the same
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TaBLE 7-6 Effect of MTBE on Exhaust Emissions from Three AQIRP Fuel Pairs

% Decrease

in Emissions
Attributable

to MTBE!

A. Effect on mass of VOC emissions (g/mi)

Fuel Pair pValue?  Summary

N2/F -2 0.9 Fuel-pair MM/S indicates a signifi-
MM/S 16 0.005 cant henefit of adding MTBE. How-
C2/C1 ever, no statistically significant ef-
Current fleet -1 0.5 fect is apparent from other fuel
Tier | 2 0.6 pairs.
Adv. technol. 6 0.3

B. Effect on mass of CO emissions (g/mi)

N2/F -2 0.2 No consistent, statistically signifi-
MM/S 11 0.4 cant effect is apparent.
c2/C1

Current fleet 10 0.7

Tier | 1 0.2

Adv. technol. 7 0.3

C. Effect on total reactivity (g 0,/mi)

N2/F -5 0.8 No consistent, statistically signifi-
MM/S 14 0.07 cant effect is apparent.
C2/C1

Current fleet 1 0.2

Tier | 3 0.6

Adv. technal. 6 0.2

D. Effect on mass of NO, emissions {g/mi)

N2/F -17 0.05 Data suggest an increase in NO,

MM/S ' -3 0.4 emissions from the addition of

Cz/C1 MTBE in ali but advanced-technaol-
Current fleet -6 0.7 ogy vehicles. Likelihood of Type |
Tier | -11 0.1 error is small.

Adv, technol. 2 09

‘% decrease = [(emissions with MTBE} - {emissions without MTBE)] + (ernis-
sions without MTBE). Negative value indicates an emissions or reactivity increase
with the addition of MTBE.

?Based on logarithms of means,
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TABLE 7-7 Eifect of MTBE on Diurnal Emissions from Three AQIRP Fue! Pairs
% Decrease

in Emissions
Aitributable
Fue! Pair to MTBE!  pValue’® Summary
A. Effect on mass of VOC emissions {g/test)
N2/F 29 0.03 Data are not consistent.
MM/S -15 0.3
c2/C1 No data -
B. Effect on total reactivity {g 0,/iest)
N2/F 13 0.1 Data do not indicate a consistent
MM/S -33 0.06 effect.
c2/C1 No data -

19, decrease = [{emissions with MTBE) ~ (emissions without MTBE)] + (reactiv-
ity without MTBE). Negative value indicates an emissions or reactivity increase with
addition of MTBE.

?Based on logarithms of means.

oxygen content as that of the MTBE-blended fuel and thus less volume
percent oxygenate (see Table 5-2). A comparison of ethanol and MTBE-
blended fuels with similar volume percent oxygenate, but different
OoXygen content, is provided by the data from the California Ethanol Test
Program discussed in the next section. Itis also relevant to note that the
ethanol-blended fuels had about a 1-psi higher RVP than the MTBE-
blended fuel.

A comparison of the exhaust, diurnal, and hot-soak emissions of
these fuel pairs, and the statistical significance of the differences are pre-
sented in Tables 7-9, 7-10, and 7-11, respectively. As in the previous two
compatisons, the data presented here from the AQIRP study on the
relative benefits of ethanol and MTBE are by no means conspicuous or
striking. There is a suggestion that ethanol (or the higher RVP it engen-
dered in the fuels considered here) caused somewhat higher VOC ex-
haust and evaporative emissions. In each case, however, the effect of
ethanol on the reactivity of the emissions was less than its effect on the
mass of the VOC emissions. Finally it is relevant to note that an analysis

of air toxic emissions from the AQIRP fuels considered here suggests that

there are advantages and disadvantages related to the use of either

oxygenate (see Text Box 7-1). The above conclusions concerning the
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TABLE 78 Effect of MTBE on Hot-Soak Emissions from Three AQIRP Fuel Pairs
% Decrease

in Emissions
Attributable
Fuel Pair to MTBE! pVYalue®  Summary
A. Effect on mass of VOC emissions {g/test)
N2/F 8 0.10 Data are not consistent but, over-
MM/S -32 0.02 all, indicate a small probability that
c2/C1 addition of MTBE causes an in-
Current fleet -23 0.4 crease in hot-soak emissions.
Tier | -17 0.8
Adv. technol. Insufficient -
data
B. Effect on tola! reactivily {g 0,/test)
N2/F 12 0.7 Data are not consistent but, over-
MM/S ~38 0.02 all, indicate a small probability that
Cc2/C1 addition of MTBE causes an in-
Current fleet -11 0.9 crease in the reactivity of hot-soal
Tier 1 - -8 0.5 emissions.
Adv. techinol. Insufficlent -
data

1o, decrease = [(emissions with MTBE) - (emissions without MTBE)] + {emis-
sions without MTBE). Negative value indicates an emissions or reactivity increase
with addition of MTBE. :

2Based on logarithms of means.

effects of RVP, MTBE, and ethanol on vehicle emissions are generally
consistent with those reported by Dunker et al. (1996) from a modeling
study of the impacts of different gasoline fuels on ozone levels in the Los
Angeles, Dallas-Ft. Worth, and New York urban areas using the AQIRP
data and the Urban Airshed Model.

FUELS AND EMISSIONS DATA FROM
THE CALIFORNIA ETHANOL TESTING PROGRAM

Because of the limited number of tests made in AQIRP that directly
compared emissions from MTBE-containing and ethanol-containing fuels,
the data from that study provide only fragmentary information on the
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TABLE 7-9 Effect of Ethanol vs. MTBE on Exhaust Emissions from Two AQIRP
Fuel Pairs

% Decrease

in Emissions

Attributable
Fuel Pair to Ethanol'  pValue* Summary
A. Effect on mass of VOC emissions {g/mi)
T/MM ~-11 0.04 Some indication that ethanol might
U/N2 ~0 0.08 cause higher VOC mass emissions.
B. Effect on mass of CO emissions (g/mi)
T/MM -11 0.6 No consistent, statistically signifi-
U/N2 1 0.4 cant effect is apparent.
C. Eifect on total reactivity (g O,/mi)
T/MM -8 0.4 No consistent, statistically signifi-
U/N2 5 0.4 cant effect is apparent.
D. Effect on mass of NO, emissions {g/mi)
T/MM 2 0.4 No statistically significant effect is
U/N2 7 0.4 apparent.

1% decrease = [(emissions with ethancl) - (emissions with MTBE)] + (emis-
sions with MTBE]). Negative value indicates an emissions or reactivity increase with
the addition of ethanol.

?Based on logarithms of means.

TABLE 7-10 Effect of Ethanol vs. MTBE on Biurnal Emissions from Two AQIRP
Fuel Pairs

% Decrease

in Emissions

Attributable
Fuel Pair to Ethanol'  pValue? Summary
A. Effect on mass of VOC emissions (g/mi)
T/MM -12 0.43 Data indicate probability that etha-
U/N2 -38 0.01 nol causes higher mass emissions.
B. Eiffect on {otal reactivity (g 0,/mi)}
T/MM 5 0.81 ° Data are not consistent, but most
U/N2 -18 0.02 likely effect is an increase in reactiv-

ity of emissions from ethanocl.

19 decrease = [(emlsslons with ethanol} - (mission with MTBE)] + (emissions
with MTBE). Negative value indicates an emissions or reactivity increase with the
addition of ethanol.

Rased on logarithms of means.
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TasLE 7-11 Effect of Ethanol vs. MTBE on Hot-Soak Emissions from Two AQIRP
Fuel Pairs

% Decrease

in Emissions
Attributable
Fuel Pair to Ethanol'  pValue®* Summary
A. Effect on mass of VOC emissions (g/mi)
T/MM -14 0.29 Data indicate > 30% probability that
U/N2 -50 0.003  ethanol causes higher mass emis-
slons,

B. Effect on total reactivity (g O,/mi)
T/MM 1 0.72 _  Data are not consistent, but the
U/N2 ~40 0.002 most likely effect is an increase in
reactivity of emissiens from ethanol.
19, decrease = [{emissions with ethanol) ~ {emissions with MTBE)] + (emis-
sions with MYBE). Negative value indicates an emissions or reactivity increase with
the addition of ethanol.
2Rased on logarithms of means.

TEXT Boi 71 "'Eﬁéct of Oxygenates on Toxic. .
- Air: Contammant Emlssmns

Exhaust and evaporatwe emissions of selected alr toxics from LDVs using
the six AQIRP Phase | fuels are listed in Table 7-12. -The data suggest that
the fuels result in simllar emissions of 1-3 butadiene and benzene {i.e.,
they fall within the observed variability as indicated by the standard ,
deviations of the means). ‘However, there appear to be diffetences in. ..
acetaldehyde and formaldehyde emissions that at least border on being
larger than the observed variability. In the case of acetaldehyde exhaust
emissions, the ethanol-contalning fuels produce about a factor of 2 larger
exhaust emissions than that of the MTBE-containing and oxygen-free fuels.
On the other hand; the ethanol-containing fuels tend to result in somewhat
lower exhaust emlssions of formaldehyde. 1t is also interesting to note that -
while MTBE-containirig Tuels’ are generally thought o result in enhanced

_ exhaust emissions of. formaldehyde (see Chapter 6) thls trend i is not
reﬂected in the. data presente able:
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erly. Further requirements were that the vehicles pass a smog check, not
exceed specified mileage limits set for the different model years included
in the study, and it be obtained from rental fleets rather than private
owners if possible.

Exhaust and evaporative emissions from each of the 14 vehicles
with both fuels 63 and 64 were measured two times, and in some cases,
three times. {However, tests involving two of the vehicles were discarded
due to nonstatistical errors.) Thus, the mean emissions from eacir of the
fuels for each emissions category were derived from almost 30 separate
tests, a much larger number than that typically used to derive the mean
emissions from the AQIRP data discussed in the previous sections. The
larger number of tests in the California Ethanol Testing Program should
make these data more amenable to discerning subtle differences in the
emissions from each fuel.

The analyses suggest that the reactivity of the exhaust emissions for
the ethanol-blended fuel was about 4% less than that of the MTBE-blend-
ed fuel. That decrease is essentially all attributable to an approximate
10% decrease in the mass of CO exhaust emissions for the ethanol-
blended fuel. However, this relatively small decrease in the reactivity of
the exhaust emissions was overwhelmed by the much larger increase in
the mass and reactivity of the evaporative VOC emissions arising from
the use of ethanol-blended fuel. As a result, the reactivity of the com-
bined exhaust and evaporative emissions using the ethanol-blended fuel
was estimated by CARB to be about 17% larger than those using the
MTBE-blended RFG. The committee analyzed data obtained from the
California Ethanol Testing Program before publication of CARB’s (1998)
analysis and before data on the reactivity of CO emissions were avail-
able. The committee compared the reactivities of emissions from fuels
63 and 64 using a two-sample t test (see Table 7-13 and Appendix D).
Since the committee completed its analysis, CARB published its results
of a more-comprehensive analysis of the data from the California Ethanol
Testing Program. Although the results of CARB’s analysis are somewhat

different from those of the committee, the overall conclusions are the
same.

IS THERE A DIFFERENCE BETWEEN CONCLUSIONS
DRAWN ON THE BASIS OF VOC-MASS EMISSIONS AND
THE REACTIVITY OF THE EMISSIONS?

In Chapter 3, we noted that because of the wide range of VOC species
typically emitted by LDVs and the highly variable chemistry of these
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TABLE 7-13 Effect of Ethanol vs. MTBE on Tota! Reactivity (g O,/mi or g O,/test) of
Ermissions from Fuels 63 and 64 of the California Ethanol Testing Program

% Decrease

in Reactivity
Atiributable
Emissions Type to Ethanol' pValue®  Statistical Summary
Exhaust basedon -9 0.50 No consistent, stalistically signifi-
FTP composite cant effect is apparent.
Exhaust basedon 5 0.3
Rep-05
Hot Soak -73 0.002 >89% probability that difference
in reaclivity is significant.
0-24 Diurnal -60 0.004 >99% probability that difference
. in reactivity is significant.
2448 Diurnal -82 0.002 >99% probability that difference

in reactivity is significant.

1% decrease = [(emissions with ethanol) - (emissions with MTBE}] + {emis
sions with MTBE}. Negative value indicates an emissions or reactivity increase wiil
the addition of ethanol.

2Fxhaust reactivities did not include CO.

compounds, the mass of VOC emissions might be a poor metric for th
ozone-forming potential of these emissions. Under some circumstance
a reactivity scale might provide a more-reliable measure. In light of thi
situation, it is interesting to consider whether the conclusions draw:
above with regard to the relative benefits of ethanol and MTBE ar
affected by which metric is used.

Inspection of the data in Tables 7-3 through 7-13, as well as thos
provided in Appendix D, suggest that the two metrics did in fact produc
some differing results. For example, note in Tables 7-10 and 7-11 th:
the mass of evaporative emissions from AQIRP fuels with ethanol a1
greater than those from fuels with MTBE. However, for one of the fu
pairs considered, the difference is cut by more than a factor of 2 whe
measured on the basis of reactivity; in the case of the other fuel pair, t!
reactivity from the ethanol-containing fuel is actually found to be le
than that of the MTBE-containing fuel. However, in this latter case, tl
difference in both the mass and reactivity of emissions was not statis
cally significant,

A contrasting result was obtained for hot-soak emissions from ¢l
fuels in the California Ethano! Testing Program. In this case, the ethant
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containing fuel also has a larger mass of emissions than the MTBE-
containing fuel. However, this difference was further enhanced when
the reactivity of the emissions was considered.

Despite these differences, however, it is important to note that, in
none of these instances did the use of the reactivity metric fundamentally
alter the conclusions that would have been reached if the mass-emissions
metric had been adopted. For example, note in Table 7-10 that fuel U
(containing ethanol) was found to produce higher emissions than fuel N2
(containing MTBE) at a greater than 95% confidence level regardless of
the metric used; the inconsistency between the two metrics is only in the
magnitude of the difference between the fuels. In the case of fuels T and
MM on the other hand, the mass-emissions metric indicates higher emis-
sions for the ethanol-containing fuel while the reactivity metric indicates
lower emissions for the ethanol-containing fuels. However, in these cases
the p values are relatively large, and thus the differences in the mass and
reactivity of the emissions from two fuels are not statistically significant.

ANALYSIS USING THE COMPLEX AND PREDICTIVE MODELS

The analyses presented in the preceding two sections could perhaps be
criticized for being based on test results from a limited number of fuels,
and thus not representative of a fleet-wide response to changes in fuel
composition. Indeed, in the case of the AQIRP study the smaliness of the
sample size limited the ability to unequivocally conclude that oxygenates
had, or did not have, an impact. Other researchers (Mayotte et al. 1994)
also find some indications of an impact, but warn that their sample size
was limited as well.

As noted in Chapter 4, both EPA and CARB have conducted statisti-
cal analyses of a much larger number of tests to develop models to pre-
dict how the mass of VOC and NO, emissions respond to fuel-composi-
tion changes. (Recall that EPA’s model is called the Complex Model, and
CARB's is called the Predictive Model). The databases used to develop
both models are similar. The major differences are in the statistical
treatment of the data, and that the Complex Model has a separate
segment for high-emitting vehicles (CARB 1991),

As a final check on the applicability of the results discussed above,
the properties of the 10 fuels listed in Table 7-1, as well as the California
Phase 2 reference fuel, were input into the Complex and Predictive

UsiNG OZONE-FORMING POTENTIAL TO EVALUATE IMFACTS OF RFGS 199

Models. The resulting exhaust and evaporative emissions predicted by

the Complex Model are given in Table 7-14 and the percentage decrease
in exhaust emissions predicted by the Predictive Model, relative to the
reference fuel, are listed in Table 7-15.° Because neither the Complex
nor the Predictive Models estimate the composition of the emissions,
these models cannot be used to predict changes in the reactivity of the
emissions.

TABLE 7-14 VOC and NO, Emissions for Various Fuels Predicted by EPA's
Complex Model”

Emissions {mg/mi)

Fuel NO, Exhaust VOC Evaporative VOC
C1 {low sulfur) 561 375 370
€2 (tow sulfur, MTBE) 563 a72 , 355
MM (MTBE} 639 414 585
N2 (MTBE) 633 422 798
T {ethano!, high RVP) 615 420 956
U (ethanol, high RVP) 625 430 1060
S 628 414 585
F 627 425 798
CA 64 (low sulfur, ethanol) 571 362 539
CA 63 {low sulfur, MTBE) 567 355 365
CA Phase 2 reference 569 367 385

The results in this table are based on the Phase | Complex Model, which con-
tains a higher weighting for evaporative VOC emissions than does the Phase !l Com-
plex Model. Therefore, the effects attributable to RVP are expected to be somewhat
larger than the effects that would be observed from the Phase il Complex Model.

However, the trends among fuels are expected to be similar.

>The Complex Model calcutates the mass of exhaust and evaporative emis-
sions, and the Predictive Model only calculates the percentage decrease in
exhaust emissions relative to the reference fuel. The Predictive Model does not
consider evaporative emissions.
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TaBLE 7-15 VOC, CO, and NO, Exhaust-Emissions Changes for Various Fuels
Predicted by CARB's Predictive Model and Draft CO Model®

% Change from the CA Phase 2 Reference Fuel

Fuel NO, VoC Cco

C1 (low sulfur) -1.9 2.2 7.4

C2 {low sulfur, MTBE} -2.0 -33 -1.7
MM (MTBE) 17.5 14.3 16.1
N2 (MTBE) 20.7 11.7 18.3
T (ethanol, high RVP) 25.2 5.0 9.6

U (ethanol, high RVP) 28.6 7.7 12.7
S 12.0 19.2 26.2
F 15.4 17.5 285
CA 64 {low sulfur ethanol) 88 -10.0 -6.1
CA 63 (low sulfur, MTBE) -1.2 -5.0 -3.0

"OC and NO, values were provided by K. Cleary of CARB in 1999, using a
draft version of the Prediclive Model that accounts for RVP changes. CO values are
from €ARB's draft CO model,

Turning first to the results from the Complex Model, one finds two
striking results: (1) the sizable reductions in exhaust emissions arising
from low sulfur fuels; and (2) the increase in evaporative emissions with
ethanol-containing fuels (presumably from the increased RVP of these
fuels). This later resuit is far more definitive than, although not inconsis-
tent with, the effect of ethanol discerned from the direct analysis of the
AQIRP data discussed earlier in this chapter. On the other hand, the
small and borderline significant increases in NO, exhaust emissions and
evaporative VOC emissions, as suggested in the AQIRP data, associated
with the addition of MTBE are not reflected in the results of the Complex
Model. :

Like the Complex Model results, the Predictive Model indicates that
reducing sulfur content reduces emissions of all components. The model
also projects a decrease in CO emissions from the addition of oxygen—an

effect that was also seen in the analysis of the emissions data from the
AQIRP fuels.
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SUMMARY

An analysis of emissions data and regression-model predictions for a
limited set of RFG blends with a range of properties, that inciude differ-
ent oxygen contents of MTBE and ethanol, suggests that:

¢  The differences inferred between the VOC emissions of two
fuels using the mass of emissions as a metric varied on occasion with
that inferred using reactivity as a metric. In some cases, consideration
of reactivity decreased the apparent emissions difference and in othe:
cases it enhanced the difference. However, in no case did the fundamen
tal conclusion concerning the choice of one fuel over another (for the
fuels studied here), on the basis of statistically significant air-qualit
benefits, change as a result of using a mass-emissions or reactivity
weighted metric.

*»  CO emissions account for 15% to 25% of the reactivity o
exhaust emissions from LDVs and thus should be included in reactivit
assessments because CO contributes to ozone formation due to its larg
amount of emissions. '

*  The addition of MTBE or ethanol appears to have only a smal
effect on the exhaust emissions of RFGs. The most substantial of thes
appears to be related to the emissions of CO and air toxics. Data fron
AQIRP suggest that ethanol-containing fuels lead to greater exhaus
emissions of acetaldehyde than do fuels with MTBE, but less formalde
hyde. Data from the California Ethanol Testing Program indicate tha
the exhaust emissions from vehicles using ethanol-containing fuels ar.
about 10% lower than those arising from vehicles using fuels with MTBE
There is also seme indication that oxygenates in fuels lead to somewha
higher emissions of NO,—an effect that could have undesired impacts o
air quality in rural areas and on regional scales.

*  Ethanol-containing fuels tended to have significantly highe
evaporative emissions (on both a total-mass basis and a reactivin
weighted basis) than MTBE-containing fuels. This is likely due, at lea:
in part, to the fact that ethanol fuels tend to have an approximate 1-ps
higher RVP than the equivalent MTBE fuel. Moreover, the increase in tl
evaporative emissions from the ethanol-containing fuels was significant
larger than the slight benefit obtained from the lowering of the C
exhaust emissions using the ethanol-containing fuel.
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+  Based on the findings presented above, the committee con-
cludes that the use of commonly available oxygenates in RFG has little
impact on improving ozone air quality. Also, use of an ethanol-contain-
ing RFG with a 1-psi-higher RVP is likely fo produce a negative air-
quality impact. This conclusion is consistent with CARB’s evaluation in
1998 that led to its decision to not allow a 1-psi waiver for ethanol-
containing fuels (CARB 1998). '

Two important caveats should be noted. The first relates to the fact
that the analysis presented here is based solely on data gathered from
well-maintained vehicles with properly working catalytic converters. As
noted in Chapters 4 and 6, there is substantial evidence to suggest that
high-emitting motor vehicles {perhaps because of malfunctioning cata-
lytic converters or faulty evaporative controls) can contribute dispropor-
tionately to the VOC and CO emissions arising from a fleet of LDVs, and
the response of high-emitting vehicles to ethanol-blended and MTBE-
blended RFG has yet to be fully characterized. For example, one might
speculate that oxygen in the fuel would provide a greater emissions
benefit for high emitters with faulty catalytic converters than for ordi-
nary vehicles. Because ethanol fuels often contain more oxygen than the
equivalent MTBE fuel, this might tend to offset the disadvantages of
ethanol-containing fuels implied in the committee’s analysis. However,
the few data on this subject that are currently available are inconclusive

(e.g., see Knepper et al 1993; Mayotte et al. 1994). Moreover, for high-

emitting vehicles with faulty evaporative controls, the use of ethanol-
blended RFG with a higher RVP would most likely lead to elevated
evaporative emissions. For these reasons, the committee recommends
that the effect of RFG on emissions from high-emitting vehicles be
studied in greater detail.

The other caveat relates to the overall effect on ozone pollution that
might arise from the emissions differences projected here for MTBE-
containing and ethanol-containing RFG blends. Recall from the commit-
tee’s earlier analyses that the overall effect of RFGs might be an approxi-
mate 20% reduction in the reactivity of LDV emissions and a few parts-
per-billion reduction in peak ozone concentrations. After combining
exhaust and evaporative emissions, the use of ethanol, as opposed to
MTBE, as an oxygenate would lead to a decrease in the effectiveness of
RFGs but not a total cancellation. The net effect on ozone concentra-
tions would be extremely small and almost certainly not discernable
from the ambient ozone concentration data.
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COMMITTEE DN
AGRICULTURE, NUTRITION, AND FORESTRY

WASHINGTON, DC 20510-8000

Gctober 17, 1995

Dr. Stephen Rattien

Bxecutive Direcror

Commission on Geosciences, Environment and Radiaticn
National Research Council

2100 Congritution Ave. N.W,

Washington, D.C. 20418

Dear Dr. Rattien:

I underatand that the Enviyonmental Prorection Agency has
requested an evaluation of “whether the existing data ia
pufficient to show that adding ethanol to RFG on the basis of
resctivity would not adverxsaly impact the in-use envircnmental
benefits of the RFG program®" and that it has also regquesced your
advice on what additional information would be nacessary o allow
such a determinacion to be made., EPA‘’s requeost is related ko a
propoaal for fuel certification which I discussed at a mestcing
with Resistant Administrator Mary D. Nichols in November, 1983.

On September 28, 1955 I convened a hearing of the Senate
Committee on Agriculture, Nutrition and Forsstry or tha role of
ethanol in the reformulated gasoline program. At chat hearing, I
dipcussed EPA’'p propusal for a National Academy of Sciencea (NAS)
study with Admipistrator Carol Browner. Our Committee heaving
wag called to discuss the restraints which current EPA policies
place on refiners who wish to use ethanol blends in reformulated
gasoline and the effect of reduced ethanol use on the farm
economy and on deficiency payments. Under the RFG program, the
EPA judges fuel blends solely by theirxr total mass of emissions of
volatile organic compounds {(*VOCs*). Since the addition of
ethanol to gasoline increases volatility -- and thus increases
“evaporative® VOCs -- it is difficult for regular ethanol blends
to qualify absent the uese of special low RVP gasoline which is
more expensive and unavailable in wmany markets.

However, if one considers the actual ozone forming potencial
of echancl blends and not just their maes of emissions, a case
can be made that certain ethancl blends may produce reductions in
vVocs which are just ae great as thopse produced by qualifying
nonethansl blends. Because 10% ethanol blends have greater
oxygen content, they may emit fewer exhbaust VOCs than non-ethanol

‘possible date.
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Dr. Stephen Rattien
October 17, 1985
Page Two

blends. And gince exhaust VOCs are helieved to have a greater
propensity to form ozone than evaporative vocs, the greacer
reduction in exhaust VOCs achieved by certain ethanol RFG blends
may counterbalance their greater wmass of evaporative VOCs.
Furthermore, because of the additional oxygen, these blends may
contain less carbon monoxide than non-ethanol blends, further
raeducing their tendency to form ozone since carbon monoxide is a
recognized precursor of ozone.

I have proposed that EPA establish a procedure to certify
ethancl blends as equivalent to non-ethanol blends under section
211 (K} (4} (B) of the Clean Air Act, but EPA has so far refused
to do 8o because it is unsure that there is an appropriate
methodology for making the comparison.

I hope that the NAS Study will have a practical aim; that
is, it will help to detexmine, in light of the best available
informacion, the procedures (i.e., the data and analyais} by
which the equivalency of two blends could be determined with a
reascnable degree of certainty. To the extent that additional
information or studies are necegsary before such procedures can
ba developed or iwplemenced, I also hope that NAS will idencify
the additional information and analyses which would be needad and

that it would work with the EPA and with other concerned parties
to ensure that it is provided.

The NAS atudy is critical to the implementacion of the Clean
Ar Act in a manner that allowe renewable fuels to play an
lmpoxtant role in che reformulated gasoline program. I therefore
jo%n EPA in urging the Natiomal Academy of Sciences to undertake
this effort and I urge that it be completed at the earliest

If you have any questions, please contact me or
Jeff Burnam of my staff at 202-224-74413.

Sincerely,

\%MWG. Lugar

Chairman
RGL/jbj
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Equation Set for the Complex Model—

Phase Il RFG*

1. Basic VOC exhaust emissions performance (summer)

VOCE
Yuge()
where

VOCE
Yyoc(t)

VOC(b) =

VOC(b) + (VOC(b) X Y, (t) + 100) (C-1)

[(w, X N)) + (w, X H)) ~ 1] x 100 (C-2)

exhaust VOC emissions in milligrams per mile

exhaust VOC performance of the target fuel in terms of
percentage change from baseline

baseline (summer) exhaust VOC emissions

(= 907.0 mg/mi; see Table 5-6)

[exp v,(1)} = [exp v,(B)]

fexp v,(1)] + [exp v,(b)]

weighting factor for VOC normal-emitter component of fleet
(= 0.444)

weighting factor for VOC higher-emitter component of fleet
(=0.556)

normal-emitter VOC equation for target fuel, as defined
below ‘

‘Adapted from 40 CFR 80.45.
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V(1)
v,(b)
v,(b)

exp(n)

higher-emitter VOC equation for target fuel, as defined
below

normal-emitter VOC equation, defined below, with base-
fuel properties as input

higher-emitter VOC equation, defined below, with base-fuel
properties as input

the root of Naperian or natural logarithms (e = 2.71828)
raised to the power n.

11. Consolidated exhaust VOC equations

For normal emitters:

Vi

(-0.003641 x OXY) + (0.0005219 x SUL) +

(0.0289749 x RVP) + (-0.014470 x E200) +

(-0.068624 x E300) + (0.0323712 X ARO) +

(-0.002858 x OLE) + (0.0001072 x E200% +
(0.0004087 x E300%) + (-0.0003481 x ARO x E300)(C-3)

For higher emitters:

Va

where

OXY
SUL
RVP

E200
E300
ARO
OLE

I

I

[ TR |

i

(-0.003626 x OXY) + (0.0000540 x SUL) +

(0.043295 x RVP) + (-0.013504 x E200) +

(~0.062327 x E300) + (0.0282042 x ARQ) +

(~0.002858 x OLE) + (0.0001060 x E200%) +

{0.0004080 x E300%) + (-0.0002870 x ARO x E300)(C-4)

oxygen weight percent of fuel

sulfur content of fuel, in parts per million by weight
Reid Vapor Pressure of fuel, in pouitds per square inch
{gauge), measured at 100° F '

200 ° F distillation fraction of the fuel, volume percent
300 ° F distillation fraction of the fuel, volume percent
total aromatics content of fuel, volume percent

total olefins content of fuel, volume percent.
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[NOTE: the value of Y,,.(t) as computed from either of the above equa-
tions is modified by linear factoring functions involving deltas (differ-
ences between actual and “allowable” values) for E200, E300, and ARO,
if any or all of these volume percent values fall outside their allowable
ranges.]

1II. Consolidated non-exhaust VOC equations (Phase II)

For VOC Control Region 1 (south) _

VOCNEL = VOCDI1 + VOCHS1 + VOCRL1 + VOCRF1 (C-5)
VOCDI1 = [0.007385 x RVP?] - [0.08981 x RVP] + 0.3158  (C-6)
VOCHS1 = [0.006654 x RVP?] - [0.08094 X RVP] + 0.2846  (C-7)
VOCRL1 = [0.017768 x RVP?] - {0.18746 x RVP] + 0.6146  (C-8)
VOCRF1 = [0.004767 X RVP] + 0.0.011859 (C-H

For VOC Control Region 2 (north)

VOCNE2 = VOCDI2 + VOCHS2 + VOCRL2 + VQCRF2 (C-10)
VOCDI2 = [0.004775 x RVP?] - [0.05872 X RVP] + 0.21306 (C-11)
VOCHS2 = [0.006078 x RVP?] - [0.07474 X RVP] + 0.27117 (C-12)
VOCRL2 = [0.016169 X RVP*} - [0.17206 X RVP] + 0.56724 (C-13)
VOCRF2 = [0.004767 x RVP] + 0.0.011859 (C-14)

where

VOCNER = total non-exhaust VOC emissions in control region n,
grams per mile

VOCDIn = diurnal® VOC emissions in control region n, grams per
mile

“See Chapter 4 for definitions. Measured emissions are apportioned over daily
trip distances that are assumed in EPA certification procedures.
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VOCHSn = hot soak® VOC emissions in control region' n, grams per

mile

VOCRLn = running loss? VOC emissions in control region n, grams
per mile '

VOCRFn = refueling® VOC emissions in control region n, grams per
mile.

V. Phase II total VOC emissions performance—summer ozone Season

" VOCSn = (VOCE + 1000) + VOCNER (C-15)

VOCS1% = [100% X (VOCS1 - 1.4663 g/mi)] + 1.4663 g/mi (C-16)
VOCS2% = [100% X (VOCS2 - 1.3991 g/mi)] + 1.3991 g/mi (C-17)

where

VOCSn = total summer VOC emissions in control region n, grams
per mile; VOCE, VOCNEn as defined above
VOCS1% = total suminer VOC emissions performance of target fuel for

VOC control Region 1 (south), in percentage terms
relative to baseline level

VOCS52% = total summer VOC emissions performance of target fuel for
VOC control Region 2 (north), in percentage terms
relative to baseline level.

V. Summer NO, emissions performance

NO, = NO/b)+ [NOx(b).x Y(t) + 100) (C-18)
Yeox(® = [(z, Xx N) + (z, X H,) - 1] x 100 (€-19)
where

NO, = exhaust NO, emissions in milligrams per mile

Ywox(t) = NO, performance of the target fuel in terms of percentage

change from baseline
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NO,(b) = baseline NO, emissions (=1340 mg/mi, see Table 5-6)

N, = [expn,(t)] = [exp n,(b}]

H, = [exp n(t)] + [exp n,(b)]

z, = weighting factor for NO, normal-emitter component of
fleet (=0.738) ,

zZ, = weighting factor for NO, higher-emitter component of
fleet (=0.262)

n, (1) = normal-emitter NO, equation for target fuel, as defined
below

n,(t) = higher-emitter NO, equation for target fuel, as defined
below :

n,(b) = normal-emitter NO, equation, defined below, with base-

fuel properties as input
n,(b) - = higher-emitter NO, equation, defined below, with base-
fuel properties as input.

VI. Consolidated NO, equations
For normal emitters:

n, = (0.0018571 x OXY) + (0.0006921 x SUL) +
(0.0090744 x RVP) + (0.0009310 XE200) +
(0.0008460 X E300) + (0.0083632 X ARO) -
(0.002774 x OLE) - (0.000000663 x SUL?) -
(0.000119 x AROC?) + (0.0003665 x OLE?) (C-20)

For higher emitters:

n, = (-0.00913 x OXY) + (0.000252 x SUL) -
(0.01397 x RVP) + (0.000931 x E200) -
(0.00401 x E300) + (0.007097 x ARO) -
{0.00276 x OLE) + (0.0003665 x OLE?) -
(0.00007995 x ARO?) (C-21)

[NOTE: the value of Y, (t} as computed from either of the above equa-
tions is modified by linear factoring functions involving deltas (differ-
ences between actual and “allowable” values) for SUL, OLE, and ARQO,
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if any or all of these volume percent values fall outside their allowable
ranges.]

VII. Summer toxics emissions performance, Phase II

TOXICSn = EXHBZ + FORM + ACET + BUTA + POM + NEBZn

(C-22)
TOXICS51% = {100% x (TOXICS1 - 86.34 mg/mi)] =+ 86.34 mg/mi
(C-23)
TOXICS2% = [100% x (TOXICS2 - 85.61 mg/mi)] + 85.61 mg/mi
(C-24)
where
TOXICSn = summer toxics performance, VOC Control Region n,

. milligrams per mile .
TOXICSn% = TOXICS performance of the target fuel in VOC Control
Region n, in terms of percentage change from baseline

EXHRBZ = exhaust emissions of benzene as computed below,
milligrams per mile

FORM = exhaust emissions of formaldehyde as computed below,
milligrams per mile

ACET = exhaust emissions of acetaldehyde as computed below,
milligrams per mile

BUTA = exhaust emissions of 1,3-butadiene as computed below,
milligrams per mile

POM = exhaust emissions of polycyclic organic matter as

computed below, milligrams per mile
non-exhaust emissions of benzene, VOC Control Region
n, as computed below, milligrams per mile.

NEBZn

VIIL. Emissions equations for individual ozone-season toxics—
(1) benzene

EXHBZ = BENZ(b) + (BENZ(b) X Yy, (t) = 100) (C-25)
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Yem(®) = [{w; X Np) + (w, X H,) - 1] x 100 (C-26)
where
Yeen(t) = exhaust benzene performance of the target fuel in terms of

percentage change from baseline
BENZ(b) = baseline (summer) exhaust benzene emissions
(=53.54 mg/mi, from Table 5-6)

N, = {exp b,(1)] + [exp b,(b)]

H, = [exp b,(t)] + [exp b,(b)]

w, = weighting factor for toxics normal-emitter component of
fleet (=0.444)

w, = weighting factor for toxics higher-emitter component of
fleet (=0.556)

b,(t) = normal-emitter benzene equation for target fuel, as
defined below

b, (1) = higher-emitter benzene equation for target fuel, as defined
below

b,(b) = normal-emitter benzene equation, defined below, with
base-fuel properties as input -

b,(b) = higher-emitter benzene equation, defined below, with

base-fuel properties as input.

IX. Consolidated benzene equations

For normal emitters:

b; = (0.0006197 x SUL) - (0.003376 x E200) +
(0.0265500 x ARO) + (0.2223900 x BEN) (C-27)

For higher emitters:
I, = (~0.096047 x OXY) + (0.0003370 x SUL} -

(0.0112510 x E300) + (0.0118820 x ARO) +
(0.2223180 x BEN) {C-28)

where BEN = benzene content of target fuel, volume percent and all
other terms are as defined above.
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X. Emissions equations for individual ozone-season toxics—
(2) formaldehyde

FORM = FORM(b) + (FORM(b) X Yeomy(t) + 100) (C-29)

Yeoru(®) = [(wy X NJ + (w, x HJ - 1] x 100 {C-30)
where

Yeonu(t) = exhaust formaldehyde performance of the target fuel in
terms of percentage change from baseline

FORM(b) = baseline (summer) exhaust formaldehyde emissions
(=9.70 mg/mi, see Table 5-6)

Ny = {exp £,(0)] + [exp £;(b)]

H, = [exp f,(1)} = {exp f,(b)]

f,(D) = pormal-emitter formaldehyde equation for target fuel, as
defined below

£,(1) = higher-emitter formaldehyde equation for target fuel, as
defined below

f,(b) = normal-emitter formaldehyde eguation below, with base-
fuel properties as input

f,(b) = higher-emitter formaldehyde equation below, with base-

fuel propetrties as input.

Xl. Consolidated formaldehyde equations

For normal emitters:

f, = {~0.010226 x E300} - (0.007166 x ARO) +
(0.0462131 X MTB) (C-31)

For higher emitters:

f, = (-0.010226 X E300) - (0.007166 X ARO) -
(0.031352 x OLE) + (0.0462131 x MTB) (C-32)

where MTB = methyl tertiary-butyl ether content of target fuel,
weight percent oxygen, and all other terms are as defined above.
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XIl. Emissions equations for individual ozone-season toxics—
(3} acetaldehyde

ACET = ACET(b) + (ACET (b) X Y, () = 100) (C-33)
Ypl® = [w, X N + (w, X H)) - 1] x 100 (C-34)
where

Y.cer(t) = Exhaust acetaldehyde performance of the target fuel in
terms of percentage change from baseline

ACET(b) = baseline (summer) exhaust acetaldehyde emissions
(=4.44 mg/mi, see Table 5-6)

N, = [exp a,(0)] + [exp a,(b)]

H, = [exp a,(t)] ~ [exp a,(b)]

a,(o) = normal-emitter acetaldehyde equation for target fuel, as
defined below

a,{t) = higher-emitter acetaldehyde equation for target fuel, as
defined below

a,(b) = normal-emitter acetaldehyde equation below, with base-
fuel properties as input

a,(b) = higher-emitter acetaldehyde equation below, with base-

fuel properties as input.

XIl. Consolidated acetaldehyde equations

For normal emitters:

a, = (0.0002631 x SUL) + (0.0397860 x RVP) -
(0.012172 x E300) - {0.005525 x ARO) -
(0.009594 x MTB) + (0.3165800 x ETB) +
(0.2492500 x ETH) (C-35)

For higher emitters:

a, = (0.0002627 x SUL) - (0.012157 x E300) -
(0.005548 x ARO) - (0.055980 x MTB) +
(0.3164665 x ETB) + (0.2493259 x ETH) (C-38)
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where ETB = ethyl tertiary-butyl ether content of target fuel, weight
percent oxygen and ETH = ethanol content of target fuel, weight
percent oxygen, and all other terms are as defined above.

XIV. Emissions equations for individual ozone-season toxics—
(4)1,3-butadiene

BUTA = BUTA(b) + (BUTA (b) X Yy.(t) + 100) (C-37)
Yomalt) = [(w, X N + {w, X Hy) - 11 x 100 (C-38)
where

Yaura(t) = Exhaust 1,3-butadiene performance of the target fuel in

' terms of percentage change from baseline '

BUTA(b) == Baseline (summer) exhaust 1,3-butadiene emissions
(=9.38 mg/mi, see Table 5-6)

Ny = [exp d,(t)] + [exp d,(b)]

He = [expdy(D)] + [exp dy(b)]

d, (1) = normal-emitter 1,3-butadiene equation for target fuel, as
defined below '

d,(®) = higher-emitter 1,3-butadiene equation for target fuel, as
defined below

d,(b) = normal-emitter 1,3-butadiene equation below, with base-
fuel properties as input - .

d,(b) = higher-emitter 1,3-butadiene equation below, with base-

fuel properties as input.

XV. Consolidated 1,3-butadiene equations

For normal emitters:

d, = (0.0001552 x SUL) - (0.007253 x E200) -
(0.014866 x E300) - (0.004005 X ARQO) +
(0.028235 x OLE) (C-39)

For higher emitters:
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d, = -0.060771 x OXY) - (0.007311 x E200) -

(0.008058 x E300) - (0.004005 x ARO) +

(0.0436960 x OLE) (G-40)

where OXY = oxygen content of target fuel, weight percent, and all
other terms are as defined above.

XVI. Polycyclic organic matter, mass emissions (milligrams per mile)
POM = 0.003355 x VOCE (C-41)

Terms are as defined above.

XVIL. Non-exhaust benzene emissions (milligrams per mile)
NEBZn = DIBZn + HSBZn + RLBZn + RFBZn (C-42)

where terms are defined as under Part Il above, but “BZ” refers only
to the benzene component of evaporative emissions.

For VOC Contro! Region 1:

DIBZI = 10 X BEN X VOCDIl x [(-0.0290 x MTB) -

(0.080274 x RVP) + 1.3758) O (C43)
HSBZ1 = 10 x BEN x VOCHSL x [(-0.0342 X MTB) -

(0.080274 x RVP) + 1.4448] (C-44)
RLBZ1 = 10 x BEN X VOCRL1 X [(-0.0342 X MTB) -

(0.080274 x RVP) + 1.4448] (C-45)

RFBZ!1 = 10 xX BEN x VOCRF1 x [(-0.0296 x MTB) -
(0.081507 x RVP) + 1.3972} (C-46)

For VOC Control Region 2:

DIBZ2 = 10 x BEN x VOCDI2 x [{(-0.0290 x MTB) -
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(0.080274 x RVP) + 1.3758] (C-47)
HSBZ2 = 10 xX BEN x VOCHS2 x [(-0.0342 x MTB} -

(0.080274 x RVP) + 1.4448] (C-48)

RIBZ2 = 10 X BEN x VOCRLZ x [(-0.0342 x MTB) -
(0.080274 x RVP) + 1.4448] (C-49)

RFBZ2 10 X BEN x VOCRF2 x [(-0.0296 x MTB) -

{0.081507 x RVP) + 1.3972] (C-50)

All terms are as defined above.

[NOTE: For purposes of comparing weight percent vs. volume percent of
oxyegen, approximate conversion values are the following: for MTBE as
oxygenate, W, = V_ x 0.18, and for ethanol as oxygenate, W, = V, X
0.35, where W is weight percent and V is volume percent.]



Appendix D

Data on Emissions from Light-Duty Motor
Vehicles Using Fuels Selected from the Auto/Oil
Air Quality Improvement Research Program and

the California Ethanol Testing Program



*Jses the SAPRC1997 chemical mechanism.

TABLE D-1  Exhaust Emissions from Fuels F, S, U, T, N2 and MM N
Fue! 90 MIR? {g 0,/mi} 81 MIR® (g Oy/mi) 97 MIR® (g O,/mi) NO, {g/mi) VOC {g/mi) ©
Type No. mean X SDM mean £ 3DM mean £ SDM  min max mean+SDM  min max mean*SDM  min max
No Oxygenate
F 18 0.480 £ 0.070 0.663 £ 0.096 0766+ 0.117 0.34 2,30 0.530+£0.065 0.10 1.05 0.201 +0.028 0.10 0.57
S 9 0.496 + 0,105 0.687 £ 0.146 0.820+£ 0,182 0.43 2.24 0.566+0.083 0.13 0.94 0.218+0.047 0.10 0.58
Ethano! Blend
u 11  0.476+0.097 0.658 +£0.133 0.765+0.164 0.31 2,20 0.57410.087 0.13 1.06 0.205+0.040 0.10 0.56
T 10 0.465 £ 0.096 0.644 £ 0.133 0.757 £ 0.165 0.40 2,20 0.572+0,095 0.14 1.11 0.203+0.040 0.11 0.55
MTBE Blend
N2 9 0.497 + 0,114 0.681 £ 0.156 0.803+0.188 039 2.24 0.619+0.095 0,11 1.05 0.206+0,042 0.11 0.53
MM 12 0,439 +0.084 0.601 £0.115 0.703+£0.139 0.38 2.11 0.583+£0.073 0.14 0,85 0.183+0.031 0.11 0.50
CO {g/mi) : 97 MIR Specific Reactivity {g 0./g VOC)
mean £ SDM_ min _max mean + SDM  min max
No Oxygenate
F 19 2.76+050 095 7.92 296+0.12 168 3.79
5 9 2572057 1.08 5.68 3.02+£0.1% 198 3.74
Ethanol Biend
U 11 279+%£072 081 8.29 2.85+£0.13 1.87 3.66
T 10 2852+0.60 0.81 642 293+0.15 1.85 3.62
MTBE Blend
N2 ¢ 282x073 095 686 3.00£0.16 200 3.75
MM 12 228+054 074 630 3.03%£0,16 198 4.00
*Uses the SAPRC1990 chemical mechanism.
®lises the SAPRC1991 chemical mechanism,
‘Uses the SAPRC1997 chemnical mechanism.
Abbreviations: No., number of samples; SDM, standard deviation of the mean: min, minimum; max, maximum,
TagLe D-2  Diurnal Emissions for Fuels F, 5, U, T, N2 and MM
97 MIR? {g O,/test} VOC (g/test)
Fuel Type No. mean £ SDM min max mean . SOM min max
No Oxygenate
F 26 0.782 £ 0.092 0.19 1.89 0.311 £ 0.035 0.12 0.88
S 9 0.556 £ 0.116 0.19 1.41 0.199 £ 0.034 0.07 4.37
Ethanol Blend
U 9 0.801 £ 0.120 0.44 1.56 0.305 £ 0,040 0.20 0.55
T g 0.699 +0.113 £.31 1.25 0.256 * 0.040 0.15 0.51
- MTBE Blend
N2 9 0.680+0.196 0.19 1.75 0.221 +0.054 0.06 0.55
M 9 0.737 +0.124 0.29 1.49 0.228+£0035 0.10 0.40
97 MIR Specific Reactivity (g 0,/g VOC) '
mean + SDM min max
No Cxygenate
F 26 255+0.14 1.40 4.05
S g 2761021 1.99 3.86
Ethanol Blend :
1] 9 260+0.14 1.76 3.16
T 9 271+0.14 2.00 3.34
MTBE Blend
NZ g 3,06 £0.37 1.52 5.63
MM g 3.23x0.22 2.19 412

Ive



Hot-Soak Emissions foi' Fuels F, 8, U, T, N2 and MM

Zhe

TABLE D-3
97 MIR® (g O,/test) VOC (g/test)
Fuel Type No. mean + SDM min max mean + SDM min max
No Oxygenate
F 26 1.10 £ 0.21 0.16 4.37 0.306 + 0.054 0.07 1.11
S 9 0.2 +£0.29 0.20 3.12 - 0.257 £ 0.075 0.06 0.84
Ethanol Blend
U 9 1.36 £ 0.27 0.37 317 0.422 £0.082 0.i4 0.96
T 9 1.26 £0.30 0.36 3.55 0.385 = 0.091 0.12. 1,08
MTBE Blend
N2 9 0.97 £0.31 0.18 3.30 0.282 +0.085 0.07 0.93
MM 9 1.27 £0.32 0.21 3.55 0.339+0.084 0.07 0.91
97 MIR Specific Reactivity {g 0,/g VOC)
mean x SDM min max
No Oxygenate
F 26 3.43+0.09 2.48 4.40
S 9 3.4910.08 311 3.84
Ethanol Blend
u 9 3.17+0.10 2.56 3.58
T 8 3.28+0.10 2.76 3.86
MTBE Blend
N2 9 3.31+£0.12 273 3.83
MM 9 3.73£0.12 3.01 4,18
Uses the SAPRC1997 chemical mechanism,
TABLE D-4 Exhaust Emissions for Current, Federal Tier 1, and Advanced Technology Vehicles Using Fuels C1 and C2
Fuel C1 {no oxygenate} Fuel C2 (MTBE)
Fleet Mean % SDM min max Mean = SDM min max
Current {No. = 9} (No. = 17)
1991 MIR {g O5/mi} 0.808 £ 0.193 0.37 2.28 0.783 £0.137 0.32 2.32
1987 MIR {g O./mi} 0.969 +0.225 0.45 2.68 0.964 £ 0.165 0.42 2.69
NO, (g/ml) 0.466 £ 0.080 0.13 0.84 0.484 £ 0.067 0.09 0.99
VQOC {g/mi) 0.239 = 0.050 0.10 0.61 0.241 £0.038 0.10 0.65
97 MIR specific reactivity 3.38%£0.17 2.23 4,01 3.42+0.13 2.31 4.09
{g 0,/g VOC) .
CO (g/mi) 2.46 £ 0.65 0.77 6.38 2.21+0.40 0.86 6.20
HCHO {mg/mi} 49+1.2 17 14.1 49+0.8 1.3 136
CH,CHO [mg/mi) 1.6+0.4 0.7 4.6 1.6+0.3 0.7 4.7
Butadiene {mg/mi) 1.02+£0.23 0.4 2.7 0.97 £0.18 0.4 2.9
Benzene {mg/mi) 6.6+ 1.8 2.8 21.0 7.3x 1.6 2.6 25.9
Federal Tier 1 {No. = 10} (Ne. = 10) .
1991 MIR (g O,/mi) 0.423 £0.025 0.34 0.49 0.416 £ 0.022 0.27 0.51
1997 MIR {g O,/mi} 0.518 £0.027 0.42 0.59 0.505 + 0.026 0.38 0.69
NO, {g/mi} 0.284 + 0,052 0.16 0.51 0,316 £ 0.049 0.13 0.55
vOoC (g/mi} 0.121 £ 0.005 0.10 0.14 0.118 £ 0.006 0.09 0.16
97 MIR specific reactivity 3.51+0.14 2.93 3.83 3.52+0.11 2.97 4,04
{g Os/g VOC}
CO {g/mi} 1.35x0.12 0.99 1.94 1.34 £ 0.11 0.78 2.19
HCHO {mg/mi} 1.8+0.2 0.9 2.3 2.1x0.1 1.2 2.6
CH,CHO (mg/mi) 0.66 +£0,08 0.3 0.9 0.6310.06 0.3 1.0
Butadiene (mg/mi) 0.58 = 0.08 0.3 0.9 0.55 + .06 0.3 0.8 »
o



TaBLE D-4 Exhaust Emissions for Current, Federal Tier 1, and Advanced Technology Vehicles Using Fuels C1 and C2

{Continued)
Fuel C1 {no oxygenate) Fuel C2 (MTBE)

Fleet Mean % SDM min max Mean + SDM min max
Federal Tier 1 {Continued) (No. = 10} [N, = 10)
Benzene {mg/mi) 3.3+02 2.5 3.8 3.4 0.2 2.5 4.2
Advanced Technology {No. =12} {No. =12}
1981 MIR (g O,/mi) 0.298 + 0.028 0.19 0.39 0.280 £ 0.022 0.14 0.40
1997 MIR (g O,/mi) 0.371 £ 0.025 0.28 0.45 0.349 £ 0.026 0.19 0.51
NO, {g/mi) 0.124 £0.029 0.04 0.25 0.122 +0.019 0.03 0.26
VOC (g/mi) 0.088 £ 0,000 0.07 0.11. 0.083 £ 0.006 0.06 0.12
97 MIR Specific Reactivity 3.56 £0.19 2.79 4.18 3.53+£0.11 2.70 4.04

{g 0y/g VOC)
CO {g/mi) 0.20£0.12 0.58 1.39 0.84 £0.07 0.48 1.26
HCHO (mg/mi) 1L.4+0.4 0.5 35 1.6+£0.2 0.7 3.4
CH,;CHO (mg/mi) 0.44 +0.12 0.2 1.0 0.48+0.09 0.1 1.2
Butadiene {mg/mi) 0.44 £ 0.07 0.3 0.8 0.42£0.06 0.2 0.9
Benzene {mg/mil) 2.8%x02 2.2 3.8 27x0.1 2.0 3.3

e

Hot-Soak Emissions for Current Vehicles, Federal Tier 1 Vehicles, and Advanced-Technology Vehicles Using Fuels

TaBLE D-5
Cl and C2
Fuel C1 {no oxygenate) Fuel C2 {MTBE) )
Fleet Mean + SDM min max Mean + SDM min max
Current {Na. = 8) _ (Ne. =17)
1991 MIR (g O,/test) 0.360 £ 0.049 0.21 0.56 0.417 £0.091 0.03 1.80
1997 MIR (g O /test] 0.520 £ 0.085 0.14 (.94 0.575£0.102 0.67 2.11
VOC (g/test) 0.13+0.02 0.05 0.24 0.16 +0.03 0.02 Q.52
97 MIR specific reactivity 3.90%0.20 2.62 4,70 - 3.60+0.15 1.67 4,44
{g 04/ VOC)
Benzene (mg/test) 3.7+06 17 6.8 40+0.9 0.3 17.6
Federal Tier 1 {No. = 6) (No. = 11}
1991 MIR (g Q,/test) 0.566 £ 0,172 0.28 1.45 0.659 + 0,150 0.15 1.68
1997 MIR (g O,/test) 0.748 £0.241 0.37 2.05 0.805 £0.198 . 0.19 2,13
VOC (g/test) 0.18 £ 0.06 0.08 0.50 0.21 £ 0.05 0.06 0.57
97 MIR specific reactivity 4,07 £0.15 3.54 4.49 3.7 +£0.11 3.23 4.4]
(g 0,/g VOC)
Benzene {mg/test) 59+23 2.0 18.1 61x1l6 1.1 18.5
Advanced Technology {No. = 1) (No. = 3)
1991 MIR (g O,/test) 2.20 2.11:4+0.41 1.47 311
1997 MIR (g Oy/test} 2.96 2.62 +0.46 2.04 3.75
VOC (g/test) 0.94 0.62 + 0.1 0.48 0.89
g 0,/g VOC 3.16 4,27 £0.12 4,24 4.29
Benzene {mg/test) i7.8 11.6+1.8 7.5 15.1

&ve



TABLE D-6

CARB Emission Tesiing Resuits of the FTP Test N
Fuel 63 Fuel 64 @
Total Reactivity Specific Log Total  Log Specific Total Reactivity Specific Log Total  Log Specific
Vehicle No. 0, {mg/mi} Reactivity  Reactivity Reactivity 0, (mg/mi) Reactivity _ Reactivity _Reactivity
2 1033 3.84 1507 3.85 3.18 0.59
1198 3.78 1812 3.51 3.26 0.55
1160 3.81
2 Mean 1130 3.81. 3.05 0.58 1660 3.68 322 0.57
3 249 3.66 329 3.56
215 3.45 360 3.32
3 Mean 232 3.55 2.37 Q.55 344 3.44 2,54 0.54
4 644 3.46 906 3.30
629 3.56 530 3.55
722 3.41
4 Mean 637 3.51 2,80 0.55 739 3.42 2,87 0.53
5 895 3.16 : 816 3.20
870 3.33 1487 3.20
1225 2.95
5 Mean 882 3.25 295 0.51 1176 3.12 3.07 0.49
6 744 3.2¢9 547 3.31 :
572 3.54 663 3.24
610 3,78 518 3.56
6 Mean 642 3.54 2.81 0.55 576 3.37 2.76 0.53
7 274 3.38 250 3.44 :
e 3.28 281 3.32
7 Mean 294 3.33 247 a.52 265 3.38 242 0.53
8 1198 3.37 1088 3.50
1056 3.48 1044 3.48
B Mean 1128 3.42 3.05 253 10686 3.49 3.03 2.54
g 664 3.21 449 3.44
492 3.42 476 3.37
9 Mean 578 3.31 2.76 0.52 462 341 267 - 053
10 584 3.56 647 3.69
577 3.41 624 3.84
569 3.76
10 Mean 577 3.58 276 0.55 635 3.76 2.80 0.58
11 552 1.8l 491 3.68 .
469 3.80 612 3.46
11 Mean 511 3.80 2.71 0.58 552 3.58 274 .55
13 521 3.43 615 3.71
544 3.55 592 3.73
535 3.64
13 Mean 553 3.54 274 0.55 604 3.72 2.78 057
14 941 3.42 516 3.66
706 4.32 465 3.65
549 3,56
14 Mean 732 3.76 2.86 0.58 490 3.61 2.69 0.56
Mean 658 3.53 2.78 0.548 714 3.50 280 0.543
sd 280 0.188 0.205 0.0232 3ag9 0.181 0.224 0.0228
sd 817 0.0544 0.0591 0.00668 115 0.0523 0.0647 0.000658
mean _ : ' '
test F-64-F-63 F-64F63 F64F63 F64.F63
pvalue 0.35 0.40 250 0.40
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TaBLE D-7 CARB Emission-Testing Results of the Rep05 Cell

8re

Fuel 63 Fuel 64
Total Reactivity  Specific Log Total  Log Specific Total Reactivity - Specific Log Total  Log Specific
Vehicle No. 0, (mg/mi) Reactivity  Reactivity Reactivity 0, {mg/mi) Reaclivity  Reactivity  Reactivity
2 180.44 3.83 2.26 0.58 151.31 3.88 2.18 0.59
130.64 3.76 2.12 0.57 102.47 3.73 2.01 0.57
Mean 155.54 3.79 219 .58 126.89 381 210 0.58
3 166.99 4.17 - 101.98 4,17
118.38 4.01 , 105.49 4.10
Mean 142,68 4.09 215 0.61 103.74 413 202 0.62
4 340.06 3.88 380.06 3.93
366.25 4.00 320.68 3.89
354.32 391
Mean 353.16 3.94 255 0.60 351.68 3.91 255 0.59
5 808.54 3.30 756.94 3.09
845.40 3.24 926.93 2,89
1048.35 3.07
Mean 934.10 3.20 2.87 057 841.93 2.99 293 a.48
6 158.42 4,08 143.91 4.18
128.46 4.06 125,13 4.02
144,61 4,12 89.74 3.83
Mean 143,83 4.09 216 0.61 122.93 401 2.09 0.60
7 116.42 3.47 73.04 3.47
124.17 1.99 121.12 3.48 -
Mean 120.29 2.73 2.08 0.44 97.08 3.48 1.89 0.54
8 273.45 3.61 292.15 3.57
298.20 3.52 407.08 3.73
Mean 285.83 3.57 246 0.55 349.61 3.65 2.54 0.56
9 85.89 2.77 105.84 3.02
80.83 2.93 73.51 3.10
Mean 83.36 2.85 1.92 0.45 89.67 3.06 1.5 049
10 214.00 313 103.53 2.81 '
211.34 3.00 148.80 3.20
1392.07 2.76
Mean 188.13 2.96 227 0.47 126.17 3.01 210 0.48
“11 265.93 3.97 245.14 3.96
269.96 3.9% 285.10 411
Mean 267.94 3.96 243 0.60 265.12 4,04 242 0.61
13 27.52 3.05 43.75 3.37
24.70 3.08 19.26 2.73
39.54 3.44
Mean 30.59 3.19 149 0.50 31.50 3.05 1.50 a.48
14 176.44 3.33 230.01 3.44
194.07 3.45 187.81 3.38
106.58 2.96 )
Mean 159.03 3.26 220 0.51 208.91 241 232 0.53
Mean 239 3.47 223 0.539 226 3.26 221 0.48
sd 236 0.498 0.346 0.061% 220 0.932 0.37 022
sdm 68.3 0.144 0.100 0.0178 £3.4 0.269 0.106 0.065
test F-64-F-63 F.64F-63 F-64F.63 F-64F-63
pvaiue 0.34 0.51 0.26 0.43
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TABLE D-8 CARB Emission-Testing Results of the 1-Hour Hot Soak {SHED)

0&¢

Fuel 63 Fuel 64
Total Reactivity  Specific Log Total  Log Specific Total Reactivity Specific ~ Log Total  Log Specific
Vehicle No, 0, (mg/mi) Reactivity  Reactivity  Reactivity 0, {mg/mij Reactivity  Reactivity  Reactivity
7 687.39 2.87 793.28 2.91
774.40 2.89 1081.27 2.65
7 Mean 730.89 2.88 2.86 0.46 942.28 2.78 297 044
8 112.78 2.08 127.00 2.17
103.09 2.57 241.20 2.25
8 Mean 107.94 232 2.03 2.37 184.10 2.21 227 0.34
9 204.81 2.65 546.12 2.23
220.84 2.65 496.77 2.39
9 Mean 212.8B3 2.65 2.33 0.4z 521.44 231 272 0.35
10 873.68 2.90 1762.09 2.75
988.00 2.82 1679.19 2,61
964,17 2.86
10 Mean 941.95 2.86 297 0.46 1720.64 2.68 224 0.43
11 138.64 2.66 165.89 2.16
111.06 2.32 223.58 2.24
11 Mean 124.85 2.49 210 0.40 194,72 2.20 229 a.34
13 220.96 2.87 384.84 2.26
123.76 2.58 404.01 2.22
142,61 2.56
13 Mean 165.78 2.67 222 0.43 394.43 2.24 2.60 0.35
Mean 381 2.65 2.42 0.421 660 2.40 268 0.378
sd 361 0.213 0.402 0.0356 589 0.259 0.382 0.0454
sdm 147 0.087 0.164 0.0145 241 0.106 0.156 0.0186
ttest F-64-F.63 F-64F63 F-64F63 F-64F-63
pvalue 0,048 0.0063 0.0020 0.0075
Note: SHED = sealed-housing-for-evaporative-determination facility.
TABLE D-9 CARB Emission-Testing Results of the O- to 24-Hour Diurnal (SHED)
Fuel 63 Fuel 64
Total Reactivity Specific Log Totai  Log Specific Total Reactivity Specific Log Total  Log Specific
Vehicle No. 0, (mg/mi) Reactivity  Reactivity  Reactivity 0, {mg/mi) Reactivity  Reactivity  Reactivity
7 21223.40 2.15 ) 21871.28 2.00
18658.70 2.13 24969.49 2.10 .
7 Mean 1994155 2.14 4.30 0.33 23420.38 2.05 4.37 .31
8 4282.02 1.41 11250.40 i.18
4893.90 1.33 8844.45 1.30
8 Mean 4587.96 1.37 3.66 0.14 10047.42 1.24 4.00 0.09
9 2650.33 1.47 4531.86 1.83
2643,23 1.52 ) 3869.91 2.07
8 Mean 264678 1.50 3.42 0.18 4200.89 1.95 3.62 0.29
10 13680.52 2.18 33992.48 1.90
14127.95 2.11 28313.19 1.71
19181.15 1.74
10 Mean 15663.20 2.00 419 030 31152.83 1.81 449 0.26
11 2182.50 1.84 2921.51 1.92
2003.68 2.01 3071.85 2,03
11 Mean 2093.02 1.93 332 2.28 2996.68 1.97 3.48 0.30
13 2622.41 1.15 2872.04 1.50
1583.05 1.29 3334.12 1.40
1873.49 1.25
13 Mean 2026.32 1.23 3.31 a0.09 3103.08 1.45 3.49 0.16
Mean 7830 1.69 370 0219 12490 1.74 3.91 0.235
sd 7900 0.377 0.443 0.0992 12000 0.327 0.448 0.0880
sdm 3230 0.154 0.181 0.0405 4900 0.134 0.183 0.0359
ttest F-64-F-63 F-64-F.63 F-64F.63 F-64-F-63
pvalue 0.10 0.63 0.0035 0.59 ~




TasLE D-10 CARB Emission Testing Results of the 24~ to 48-Hour Diurnal {SHED)

Fuel 63 Fuef 64
Total Reactivity  Specific Log Total  Log Specific Total Reactivity Specific Log Total  Log Specific
Vehicle No. 0, {mg/mi) Reactivity  Reactivity  Reaclivity 0, (mg/mi) Reactivity  Reactivity  Reactivity
7 19074.88 1.72 27754.89 1.61
19707.16 1.74 24402.44 1.63
7 Mean 18391.02 1.73 4.29 a.24 26078.66 1.62 4.42 021
8 14637.40 1.36 25633.44 1.37
==, 13567.74 1.33 27628.16 1.40
8 c._::)%% Mean 14102.57 1.34 4.15 0.13 26630.80 1.38 4.43 014
9 MPE=S 3061.17 1,28 6595.22 145
. 3392.42 1.36 6974.17 1.37
9 ===" Mean 3226.80 1,32 2.51 0.12 6784.69 1.41 3.83 0.15
10 1119077 1.69 33313.56 1.65
14347.75 1.78 29459.05 1.74
16287.71 1.45 _
10 Mean 13942.08 1.64 4.1{ 0.22 31386.30 1.69 4.50 0.23
11 3217.83 1.38 7084.59 1.28
2879.87 1.54 9708.03 1.2¢
11 Mean 3048.85 1.46 3.48 0.16 8396.81 1.27 3.8z 010
13 4745.35 1.13 4335.13 1.25
2295,48 1.21 4958.99 1.18
2662,13 1.17
13 Mean 3235.65 1.17 3.51 0.07 4847.56 1.21 367 0.08
Mean 9490 1.44 3.85 0.156 17300 1.43 4,13 0.152
sd 7200 0.212 0383 - 00638 11800 0.181 0.360 o.0572
sdm 2940 0.0867 0.156 0.0261 4870 0.0778 0.147 00233
ttest F-64-F-63 F-64-F-63 F-64F.83 F-64.F-63
pualue 0.024 0.77 0.0022 0.81
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