STATE OF CONNECTICUT
DEPARTMENT OF ENVIRONMENTAL PROTECTION

79 ELM STREET HARTFORD, CONNECTICUT 06106
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Art}é‘ur I- Rogque; Ir. September 29, 2004
QRIS SIONne

Jeff Holmstead, Assistant Administrator
Office of Air and Radiation

U.S. Environmental Protection Agency
Ariel Rios Building

1200 Pennsylvania Avenue, NW
Washington, DC:20460

This correspondence supplements Governor Rowland’s letter of April 22, 2002 regarding
Conneciicut’s request for a waiver of the oxygenate requirement under the Clean Air Act (CAA).
Pursuant to the authority provided in Section 211(k)}2)(B) of the CAA, the State of Connecticut
now formally requests a waiver of the federal reformulated gasoline (RFG) program’s
requirement that fuels contain a minimum of 2 percent oxygen by weight.

The Connecticut Department of Environmental Protection is committed to environmental policies
based on sound science, that protect Connecticut’s citizens from air and water pollution in the
most cost-effective manner. The oxygen requirement now in effect is inconsistent with all of
these principles. The attached addendum to this request updates our technical record with the
most current information available in support of our request. Most notably, a recent report entitled
Fuel Permeation From Automotive Systems’ released last week by the California Air Resources
Board that documents emission increases in vehicles when ethano! replaced Methyl Tertiary-
Butyl Ether (MTBE) in gasoline. The technical record compiled by the states of California and
New York demonstrates that ethanol contributes to increases in emissions of Volatile Organic
Compounds (VOCs) which hinders state’s abilities to attain the National Ambient Air Quality
Standards (NAAQS). Connecticut urges EPA to grant this waiver request to aid the State in
attaining the NAAQs for both one-hour and eight-hour ozone.

No state should be forced to choose between clean air and clean water or between public health
and environmental protection. It is simply not possibjedQ protect air quality, water quality and
Connecticut consumers absent relief from the oxygei mandie, 1 appreciate your consideration of
cgluest so that we can begin to realize the

#s possible.
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! “Fuel Permeation From Automotive Sysfems”, Final Report, September 2004
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Addendum Number 1
Connecticut’s Oxygen Waiver Request
September 2004

On January 1, 2004 Connecticut implemented a statutory ban on the use of Methyl Tertiary-Butyl
Ether (MTBE) in gasoline. The ban was the culmination of a five-year effort to take the
necessary measures to protect the State’s groundwater resources from further MTBE
contamination. As a result of this ban, Connecticut’s gasoline is now blended with 10% ethanol
to meet the oxygenate requirement. Consistent with the findings by the states of New York and
California, we have also concluded that a minimum oxygen content is unnecessary and
detrimental to our efforts to comply with the National Ambient Air Quality Standards (NAAQS).
The technical record in support of this conclusion is considerable. The oxygenate requirement
inhibits flexibility for fuel refiners and has prevented the development of a consistent, clean
regional gasoline for the northeast. Pursuant to the authority provided in Section 211(k)(2)}(B) of
the Clean Air Act (CAA), the State of Connecticut now formally requests a waiver of the federal
reformulated gasoline (RFG} program’s requirement that fuels contain a minimum of 2 percent

oxygen by weight.

On June 27, 2002 the Attorneys General for the States of Connecticut, Maine, Massachusetts,
New Hampshire and New York filed an Amicus Curiac brief supporting a reversal of EPA’s
denial of California’s waiver request. Considerable technical materials have been compiled by the
State of California since Connecticut’s waiver submission in April 2002. Most notably, a recent
report by the California Air Resources Board concluding that evaporative emissions from
automobile fuel systems increase when ethanol is used to replace MTBE in gasoline.” In addition
to this report, the findings by the states of New York and California, we have also concluded that
minimum oxygen content is not needed and, in fact, is detrimental to our clean air efforts at an
increased expense’ In March of this year EPA approved an air toxics baseline adjustment for
one refiner under 40 CFR 80.915 (g). Since then EPA has received additional requests for
adjustments that EPA is in the process of approving. While EPA has been willing to provide
refiners with additional flexibility in areas such as air toxics, EPA to date has not been willing to
afford the necessary flexibility to States in their efforts to achieve compliance with the NAAQS.
EPA’s decision making in this area has been inconsistent and without a clear rationale.

% «Fyel Permeation From Automotive Systems”, Final Report, Sepiember 2004

? “Demonstration that the U.S. Environmental Protection Agency Must Grant California A Waiver From
the Federal Reformulated Gasoline Oxygenate Mandate on Remand From the U, 8. Court of Appeals For
the Ninth Circuit”, December 2003

“Background Information on Federal RFG Oxygenate Impacts on Particulate Matter”, Revised September
19, 2003

“Eveaporative Emissions From Offroad Equipment”, June 21, 2001

“Permeation Emissions from Portable Fuel Containers”, May 17, 1999

“Analysis of the Production of California Phase 3 Reformulated Gasoline with and without an Oxygen

Waiver” by MathPro Inc., January 19, 2601
“draft Assessment of the Real World Impacts of Commingling Phase 3 reformulated Gasoline”, CARB

Angust 2003
“Program Report: Emission Impacts of Fuels to Accommodate the New York State Oxy-Waiver Request

and MTBE Ban”, NYSDEC, May §, 2003
"Enclosure G" from NYSDEC's January 6, 2003 oxygenate waiver request, estimating increases from use

of ethanol at various RVP levels.



Connecticut has followed with great interest congressional efforts over the years to eliminate the
oxygen mandate from the reformuiated gasoline requirements contained in the CAA. Connecticut
appreciates recognition by Congress that this requirement is unnecessary, and applauds those
efforts to remove this requirement from the CAA. However, a congressional solution will not be
forthcoming, and Connecticut cannot wait any longer. In the many iterations of the renewable
fuel standard legislation that have been drafted by Congress of the last several years, the one
consistent element has been a commitment to eliminate the minimum oxygen requirement of the
RFG program. It is recognized that the addition of oxygenate no longer provides benefits toward
meeting the NAAQS, and could cause significant harm to the State.

The Connecticut Department” of Environmental Protection (CTDEP) outlined, as part of
Connecticut’s initial request, how the continuation of an oxygenate requirement, when fulfiiled
by ethanol, could interfere with attainment of the National Ambient Air Quality Standards
(NAAQS). CTDEP is concerned based on the body of technical information developed since the
initial request submitted in 2002 that replacing one unnecessary component of gasoline with
another would interfere with attainment of the NAAQS. Absent relief from the oxygen mandate,
Connecticut is faced with a de facto ethanol mandate. Fthanol is the only oxygenate available in
sufficient quantities to satisfy the mandate in place of MTBE and is currently blended at 10
percent by weight in the state. Connecticut supports a national increase in the use of renewable
fuels such as cthanol. However, the introduction of significant amounis of ethanol should be
phased-in nationally on a reasonable schedule and should be targeted to the right areas at the right
time. FEthanol should not be arbitrarily forced into markets far from where it is produced,
especially during the summer months when it poses adverse air quality impacts.

While ethanol appears certain to play a growing role in Connecticut gasoline, there are serious
concerns regarding the public health impacts associated with the mandatory use of this additive in
the summertime. Numerous technical studies have demonstrated that a summertime ethanol
mandate will generate more air pollution and interfere with Connecticut’s ability to attain the
NAAQS for ozone and fine particles. The attached “Technical Rationale for Connecticut’s
Oxygen Waiver Request” dated April 2002 and updated here fo incorporate new information
describes the adverse air quality impacts that would result under an ethanol mandate. FPA isina
position to assist with Connecticut’s ozone attainment efforts. Granting Connecticut’s waiver
will reduce the amount of ethanol in gasoline, thereby reducing evaporative emissions of volatile
organic compounds (VOCs) which are ozone precursors and ultimately the amount of ozone

formed in Connecticut.

In a cleat demonstration of regional consensus, in the summer of 2001 the New England
Govemors issued A resolution Regarding the Phase Down of MTBE and Lifiing the Oxygen
Mandate under the Federal Clean Air Act (see attached). The resolution called on Congress to
lift the oxygen mandate. Connecticut has also made clear that pending congressional action, EPA
should grant individual state requests to waive the RFG program’s oxygen requirement. In light
of the body of evidence that has been added to the record, EPA should expeditiously approve

Connecticut’s request.
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STATE OF CONNECTICUT
EXECUTIVE CHAMBERS
HARTFORD, CONNECTICUT

06106

~ Joun G, Rowianp
Governor

April 22, 2002

The Honorable Christine Todd Whitman
Administrator

U.S. Environmental Protection Agency
Ariel Rios Building

1200 Pennsylvania Avenue, NW
Washington, DC 20460

Dear Administrator Whitman;

Pursuant to the authority provided in Section 211(k)(2XB) of the Clean Air Act, the State
of Connecticut plans to formally request a waiver of the federal reformulated gasoline
{RFQ) program’s requirement that complying fuels contain a minimum of 2 percent
oxygen by weight. The RFG program provides important public health benefits to the
residents of Connecticut. While we ate committed to maintaining the full measure of
these clean air benefits, Connecticut is equally committed to protecting its precious water
resources. MTBE, the additive used to meet the oxygen mandate, presents an
unacceptable risk to the state’s drinking water. Consequently, I signed into a law a
provision that bans the use of MTBE as a gasoline additive beginning October 1, 2003,

Absent relief from the oxygen mandate, Connecticut will be faced with a de facto ethanol
mandate since ethanol is the only oxygenate available to satisfy the mandate in place of
MTBE. Connecticut supports a national increase in the use of renewable fuels balanced
with a reagonable phase-in of renewable fuels. While ethanol appears certain to play a
growing role in Connecticut gasoline, I have serions concerns regarding the public health
impacts associated with the mandatory use of this additive in the summertime. My
technical staff at the DEP will develop documentation to demonsirate that a summertime
ethanol mandate will generate more air pollution and interfere with Connecticut’s ability
to attain the National Ambient Air Quality Standards for ozone and fine particulates. The
attached document describes the adverse air quality impacts that would result under an
ethanol mandate. In addition, I point your attention to the enclosed technical studies that
have been conducted by our regional air and water quality associations, Northeastern
States for Coordinated Air Use Management (NESCAUM) and New England Interstate
Water Pollution Control Commission (NEIWPCC). These studies, commissioned by the
New England Governors Conference, provide detailed analysis of the issues surrounding

. MTBE and ethanol in gasoline. .



While air quality concerns are paramount in this request, I am also concerned about the
negative economic itmpacts of requiring large quantities of ethanol in Connecticut
regardless of cost. Significant infrastructure enhancements would be needed to transport,
store and blend ethano] into gasoline. Further, there is considerable uncertainty regarding
the ethanol industry’s ability to produce sufficient quantities of competitively priced
ethanol in the near-term. In these econiomic times, I believe that we all must be highly
sensitive to the impact that our action or inaction will have on the public.

EPA demonstrated sensitivity to these concerns when acting to protect states in the upper
Midwest from price spikes related to the use of ethanol in their fuel. As you recall, during
the summer of 2000, gasoline prices in the Midwest increased more-than 25 cents per :
gallon in less than a month. While there are several factors that may have played arole .
in the Midwest gasoline price spikes, the use of ethanol based RFG certainly contributed
to the price increase. [ vequest that the same sensitivity be afforded to states like
Connecticut that seek to maintain reasonable gasoline prices without sacrificing -
environmental benefits.

In a clear demonstration of regional consensus, this past summer the other New England
Governors and I issued 4 Resolution Regarding the Phase Down of MTBE and Lifting the
Oxygen Mandate under the Federal Clean 4ir Act (see attached). In the resolution, we
called on Congress to lift the oxygen mandate, We also made it clear that pending such
action by Congress, the EPA should grant individual state requests to waive the RFG
program’s oxygen requirement.

No state should be forced to choose between clean air and clean water or between public -
health and environmental protection. It is simply not possible to protect air quality, water
quality and Connecticut consumers absent relief from the oxygen mandate. As the date
of Connecticut’s MTBE ban is rapidly approaching, I urge EPA to evaluate this petition
thoroughly and expeditiously.

Sincerely,

JOHNZlﬁM

OWLAND
Governor

JGR/IF/emw/rs
Enclosures



Technical Rationale for Connecticut’s Oxygen Waiver Request

Introduction

Comnecticut, along with several other states that participate in the federal reformulated
gasoline (RFG) program, has taken action to ban Methyl Tertiary Butyl Ether (MTBE) as
a fuel blendstock. Connecticut’s MTBE ban, like those in other states, was enacted to
address the unacceptable risk that MTBE poses to groundwater and potable resources.
These concerns are effectively documented in the study and final Report of the Blue
Ribbon Panel on oxygenates and gasoline that was conducted by the U.S, EPA and
released in July of 1999. Information specific to the risks posed by MTRBE in
Connecticut and the Northeast region can be found in the study performed by the
Northeast States for Coordinated Air Use Management (NESCAUM) entitled

RFG/MTBE Findings & Recommendations.

MTRBE bans leave ethanol as the only additive produced in sufficient quantities to meet
the RFG mandate that complying fuels contain two- percent oxygen by weight. In
Connecticut, the oxygen mandate will result in 75 t0135 million gallons of ethanol
entering the State’s gasoline pool each year. The use of significant quantities of fuel

ethanol will degrade the air quality of Connecticut.

Compared to MTBE and non-oxygenated fuels, gasoline containing ethanol will increase
emissions of volatile organic compounds (VOCs), oxides of nitrogen (INOx) and several
air toxics, particularly during the summer “ozone season.” Increases in these pollutants
will interfere with the state’s ability to attain and maintain the federal ozone standard and
undermine on-going efforts to reduce the public health risk from mobile source toxics. In
spite of the tremendous improvements in air quality achieved over the last couple of
decades, Connecticut has not yet attained the one-hour ozone standard and faces a
‘difficult challenge to design a control program to meet the eight-hour standard.
Preliminary data from 2001 ozone season show that the one-hour standard was exceeded
on nine days in Connecticut, which includes seven days that the one-hour standard was
exceeded in the New York City metropolitan area (which includes Fairfield County, CT).
There were twenty-six days this past summer when the eight-hour ozone standard was
exceeded in Connecticut. We also face the prospects of meeting a new fine particulate
matter (PMz5) standard. Given that nitrates are a precursor to PMz,s, any increase in NOx
emissions associated with the introduction of large quantities of fuel ethanol will also
interfere with Connecticut’s ability to meet that National Ambient Air Quality Standards

(NAAQS).

The adverse air quality impacts associated with ethanol usage can be diminished by
exempting states afd the petrolewm sector from the use of ethanol in REG during the
.summer months. Key to enabling an environmentally acceptable use of ethanol is
granting a state’s requested relief from the RFG program’s oxygen requirerents.
According to the Clean Air Act, EPA can waive RFG’s oxygen content requirement upon
- a demonstration that the presence of these compounds, at certain levels, prevent or
_ interfere with a state’s ability to attain or maintain a federal air quality standard.



The following discussion outlines the legal and technical arguments that rcquire EPA ta
grant the state relief from the RFG program’s 2 percent by weight oxygen requirement.

The Legal and Administrative Process for Obtaining a Waiver

EPA has provided little gunidance or interpretation of the statﬁtory language in
$211(K)(2}B) of the Clean Air Act, which states:

(t)he Administrator may waive, in whole or in part, the application of [the -
oxygenate requirement] for any ozone nonattainment area upon
determindtion by the Administrator that compliance with such «
requirement would prevent or interfere with the attainment by the area of

a na.tmnal pnmary ambient air quality srandard

The statute’s explicit allowance for EPA to grant state waiver requests on the basis of
“interference,” with attainment indicates that Connecticut need not demonstrate that the
impacts of the oxygen requirement alone will prevent attainment or maintenance of a
NAAQS. Instead, we must demonstrate thaf the oxygen mandate is obstructing or
delaying attainment or maintenance of a single NAAQS. Connecticut must demonstrate
that the use of ethanol to meet the oxygen requirement will increase emissions of the very
pollutants that must be reduced in order for Connecti¢ut to attain the current and

imminent ozone and PM NAAQS.

Since a failure to decrease NOx and VOC emissions is cause for EPA sanctions,
demonstrating a significant increase in these pollutants must be understood to interfere
with attainment under §211(k)(2)(B). Connecticut’s state implementation plan (SIP)
demonstrates that in aggregate, a host of discrete control measures will bring the state -
into attainment of the ozone NAAQS according to the timelines set forth in the Clean Air
Act. RFG i§ a primary component of Cannecticut’s effort to reduce ermissions from
motor vehicles, the largest source of ozone-formiing poliutants in the state. Connecticut is
legally obligated to achieve those reductions claimed in the SIP. The loss of projected
benefits from any SIP control measures, such as limiting the effectiveness of the RFG
program, must be offset by comparable reductions through other measures. Connecticut
has implemented other emission control measures that have resulted in substantial
reductions but there are not feasible measures to achieve additional significant reductions
from stationary sources. Therefore, emission reductions must come from the mobile
sector. Projected emissions increases associated with the oxygen mandate will interfere
with Connecticut’s ability to attain the ozone standard in a timely fashion. In a waiver
request, the state will demonstrate that a measurable increase in ozone precursor
pollutants would occur as a result of enforcing the RFG program’s oxygen requirements

in the presence of.an MTBE ban.

Alr Ouality Basis for the Waiver

The state will show that the oxygen mandate adversely affects Connecticut’s ability to
control emissions of the NO, and VOCs, the primary ozone precursors. Wide-scale



replacement of MTBE with ethanol will result in increased emissions from vehicles
operating on either RFG or conventional gasoline. Moreover, off-road gasoline
equipment from jet-skis to lawnmowers will experience emission increases when ethanol
is present in gasoline. These increases would come from: (1) tailpipe emissions; (2)
evaporative emissions; and (3) indirect emissions from transporting hundreds of millions .
of gallons of ethanol to the Northeast by truck, barge and rail. The need for a waiver is .
predicated on the cumulative impact of excess emissions from all these sources. Under
this weight of evidence approach, all potential sources of increased cmzsswns will be

explored and quantified, to the extent possible.

~ Increased Tailpipe Emissions

Waiver Basis #1: Increased NOy Emissions not Captured in the Complex Model

The Phase I RFG regulations require refiners to achieve a 6.8 percent reduction in NO,
and a 27.4 percent reduction in VOC emissions compared t0199( levels, as calculated by
FPA’s Complex Model. Refiners will have to make other formulation changes to offset
any increased tailpipe emissions associated with the addition of sthanol. However, there
are data showing that the Complex Model, which is based on 1990 vehicle emissions and
information, does not fully capture the effects that oxygenates, particularly ethanol, have
on emissions from the current ficet of vehicles. Existing test data indicate that NOy
ernissions from some newer teclinology vehicles increase with €thanol. These studies
show that oxygenates increzse NOy emissions in a non-linear fashion. Little effect is
seen until the oxygen content exceeds 2 percent by weight; beyond the 2 percent level,
these studies show significant NOx increases. The data quantifying these effects, drawn
from studies that included newer vehicles, are missing from the Complex Model. The
effect appears to be particularly strong when ethanol is used as the oxygenate; with
studies indicating that NO, emissions may be more than 3 percent higher with ethanol as

the oxygenate.

While the Complex Model does not fully capture the emission increases caused by
oxygenates, these excess emissions can exacerbate ambient ozone concentrations.
Consequently, Connecticut contends that the oXygen mandate creates a NOy shortfall,
since a portion of the emission reductions assumed in our SIP for the RFG program do
not exist in the real world. Though it may be technically possible to remedy this shortfall
through new fuel forrmulations that include oxygenates, a watver of the minirnum oxygen
content requirement will allow our state to overcome these adverse impacts in a more
timely and cost-effective manner. Denial of Connecticut's waiver request would interfere
with our ability to make up the shortfall and attain the one-hour ozone standard by 2007,

as required by the CAA.

Using available StUdlCS Connecticut will document the increased NOx emissions that
will occur from today’s fleet of modem vehicles and seek to employ the Califormnia
predictive model which incorporates some of these newer data to quantify the excess
NOx emissions that will occur absent relief from the federal oxygen requirement.



Changes in Evaporative Hydrocarbon Emissions

The potential for changes in evaporative emissions due to the wide-scale replacement of |
MTBE with ethanol is likely to be more significant than the potential for changes in
tailpipe emissions. However, these emission increases are difficult to quantify precisely.
The federal R VP limits for summertime gasoline will constrain the potential increase in
direct evaporative emissions from vehicles. However, the large-scale replacement of
MTBE with ethanol to comply with the RFG program’s minimum oxygen reqmrement
could impact overall evaporative emissions by:

1. increasing evaporative emissions due to front-end volatility parameters
that are not captured by refiner compliance models;

2. raising overall volatility when ethanol and non-ethanol blends are
inadvertently commingled in vehicle fuel tanks; and

3. increasing fuel permeation through fuel lines and hoses and potentially
impairing the performance of onboard vapor recovery systems.

Waiver Basis #2: General Increases in Evaporative Emissions

Increased evaporative emissions occur with ethanol blends compared to hydrocarbon

. (HC) fuels even when RVP is matched, Fuels with ethianol tend to increase front-end
volatility parameters (i.e., the percentage evaporative eniissions at 130 degrees F), even
when both fuels have the same RVP. These volatility parameters are not included in the
Complex Model, but are correlated with evaporative emissions that occur when the
vehicle fuel systemn is heated above 100 degrees P during driving. Since fuel tanks can
approach 120-130 degrees F on hot, summer days, conditions exist where ethanol fuels
will have measurably higher evaporative emissions than equivalent HC fuels. Further,
these emission increases would occur on days when the threat of an ozone episode is

greatest.

Connecticut will present data that guantify the evaporative emission effect that ethanol
has compared to HC blends. Using the projected fuel formulations discussed previously
to establish the levels of ethanol expected in waiver and non-waiver scenarios, the state
will estirnate the evaporative HC increases that would occur on days when weather
patterns are conducive to ozone formation. More evaporative emissions lead to more
reactive mixing in the air that, on hot surimer days, is most conducive at forming ground
level ozone. Also, increased evaporative emissions would impair other states’ (i.e.,
eastern Massachusetts and Rhode Island) ability to achieve compliance with the 1-hour
ozone standard since they are marginally over the standard now and this increase could

further delay their ability to attain the ozone standard.

Waiver Basis #3: Commingling

For areas with both REG and conventional gasoline, the inadvertent commingling of
ethanol and non-ethanol blended gasolines in automobile fuel tanks may result in
significant increases in VOC emissions. Ethanol-blended RFG can be formulated to meet



stringent RVP limits, at a cost, however, if even a smail amount of it is subsequently
mixed with a gasoline that is not similarly formulated for low RVP, the volatility of the
overall mixture will increase. This would be the case if ethanol-blended RFG and
conventional gasoline were inadvertently mixed in a vehicle fuel tank. It would also
oecur when MTBE and ethanol-based REG are mixed, which will occur unless all states
ban MTBE. Both of these scenarios are likely in Connecticut given the regional nature of
the fuel distribution system in the Northeast. For example, this issue would be
particularly problematic under a scenario where ethanol blends were' used in Connecticut,
conventional gasoline used in npstate New York and federal RFG containing MTBE sold
in Massachusetts and Rhode Island. Contrary to EPA’s determination in California, we
will demonstrate, based on travel patterns and projected ethanol sales patterns that the co-
mingling issue in Connecticut will be mitigated if the waiver is granted.

The potential emission impacts of fuel commingling have been explored in a number of
studies. The Energy and Environmental Research Center at the University of North
DDakota recently measured the RVP characteristics of a series of mixtures composed of -
non-ethano! gasoline and 10 percent éthanol blends (E-10). The unpublished results
confirm that commingling increases RVP and evaporitive hydrocarbon emissions. RVP
increase$ were most pronounced when B-10 constituted 5 to 35 percent of the overall
nrixture; the effect was less pronounced when the ratio of E10 to non-ethanol blended
gasoline exceeded 50 percent. Gasoline with an overall ethanol content of 2 percent by -
volume (achievable, for example, by mixing 20 percent E10 with 80 percent non-ethanol
blended gasoline) showed RVP increases ranging from 0.66 to 0.93 psi over the base fuel
RVP. According to the Complex Model, an RVP increase of 0.93 psi would increase
VOCs by 14 percent, primaiily from increased evaporative hydrocarbon emissions, for a
typical summertime fuel in the Northeast.

An EPA study by Caffrey and Machiele estimates that the aggregate irapact of
commingling conld increase RVP by 0.1 to over 0.4 psi “depending on assumptions for
the market share of ethanol-containing gasolines, consumers’ brand loyalty, and the
distribution of fuel tank levels before and after refueling events.” Caffrey and Machiele
further concluded that RVP increases from commingling approach a maximum when the
market share for ethanol blends reaches 30 to 50 percent, and decline thercafter as
ethanol blends account for larger market shares. :

To demonstrate comimingling, Connecticut will:

(1} Project fuel formulations for both RFG and Conventional Gascline (CG)
markets. Once MTBE is banned, both RFG and CG markets will likely
increase the use of ethanaol as an octane enhancer. How much is used in sach
market and when during the year ethanol is used will be substantially affected
by the presence or absence of the oxygen mandate. Other factors such as
whiether states allow the 11b. RVP relaxation in CG will also be evaluated.



(2) Assess how much commingling takes place between RFG and CG markets.
This task will require either regional studies or well-grounded assumptions on
the refueling behavior of consumers, especially in Connecticut which borders
RFG and conventional gasoline markets. It will also be necessary to examine
interstate driving behavmr that takes travelers through different markets in the

Northcast and

(3) Predict total increases in VOCs, Studies such as the Caffrey and Machiele
study will provide a base for putting these data points together for emissions

estimates.

Waiver Basis #4: Other Evaporative Emissions Increa.ges: Qutside Vehicle Fuel Tanks,
at Fueling Stations, from Non-Road engines, and via Impairment of On-Board Vapor

Recovery (ORVR) Svstems

There are numerous smallér sources of emissions increases that will be caused by
increasing the amount of ethanol in gasoline, from the impairment of various vapor
recovery systems to increased evaporative emissions from non-road engines. Some of
these effects have been studied. Others will need additional assessment to accurately

quantify the impact.

The emission impacts of changes in fuel volatility will be limited to an extent by the
presence of Stage IT vapor recovery systems at refueling stations and increasingly by the
advent of advanced on-board evaporative control systems. New “on-board vapor
recovery” systems use carbon canisters to trap vapors from the fuel tank and are
-extremely effective at reducing evaporative emissions, achieving removal efficiencies as
high as 98 percent. Such systems were introduced on new vehicles in 1998, but are not
expected to fully penetrate the Northeast fleet until 2014, as much as a decade after

Connecticut has phased out MTBE.

In all cars, even those without on-board vapor recovery, ethanol blends produce increased
evaporative emissions from lines and hoses and from the engine crankcase. Ethanol
molecules not only evaporate more readily than other fuel constituents, they are relauvcly
small and hence more easily permeate rubber, plastics, and other materials found in
components of the fuel delivery system. This may explain why, i in hot soak evaporative
hydrocarbon emissions tests for a car equipped with on-board vapor recovery, the
reduction efficiency of the on-board system drop from a baseline of 98.7 to 96.3 percent
when using a 10 percent ethanol blend. Recent data from several automakers suggests
that the permeation effect is far greater than earlier believed. Finally, a related and
perhaps more important issue concerns the potential for ethdnol blends to degrade the
performance of on board vapor recovery systems over time. Specifically, it has been
suggested that ethanol blends could reduce the working capacity of the carbon canisters
used in these systems because of ethanol’s propensity to be tightly held by activated
carbon and its tendency to attract water. .



Ethanol may also effect the efficiency of Stage I enhanced vapor recovery (EVR)
controls, though this potential impact will have to be explored in more depth.

Finally, gasoline is used in a variety of nonroad engines, including motor boats, jet skis,
and lawn and garden equipment. Evaporative emissions from these engines are already
relatively hwh and ethanol blends may exacerbate this problem. Unlike automobiles, the
engines used in this equipment are not equipped with on-board vapor recovery systeins.
Further, their fuel tanks are not Stage II compatible. This effect is being explored by
EPA’s Office of Transportation and Air Quality. : . .

Emissions Increase Due to the Transport of Ethanol

Waiver Basis #5: Emissions Associated With the Transport of Ethanol to and within the
Northeast :

A final category of emissions impacts associated with the wide-scale use of fuel ethanol’
in Connecticut relates to the transport of ethanol from production centers in the Midwest
to gasoline distribution terminals in Connecticut and elsewhere in the Northeast. At
present ethanol is not shipped via pipeline due to its affinity for water. Instead, ethanol is

likely to be transported to the region by truck, barge, and rail.

Connecticut will demonstrate the impact of transporting ethariol by determining how
much ethanol would be demanded both with the waiver and without the waiver. The
state will use the calculations in NESCAUM's report, Health and Economic Impacts of
" Adding Ethanol to Gasoline in the Northeast States, to determine how much additional
transportation would be required and how much this wou]d increase emzssmns

Summar::

Connecticut will demonstrate that the 2 percent oxygen requirement in RFG causes
excess-emissions of precursor pollutants that interfere with Connecticut’s ability to attain
" and maintain the ozone NAAQS. As outlined above, there are several different bases for
demonstrating that the oxygen requirement, in the presence of the state’s ban of MTBE,
will result in 1ncreased emissions of ozone precursors. The weight of evidence to be
outlined in a waiver request will demonstrate that the oxygen requirements of the RFG
program interfere with Connecticut’s ability to fulfill its requirements under the Clean

Air Act.



NEW ENGLAND GOVERNORS’ CONFERENCE, INC.

RESOILUTION NUMBER __158_

A Resolutmn Regarding the Phase Down of MTBE and Llftmg the Oxygen Mandate under

the Federal Clean A:r Act

WHEREAS, the New England Governors’ Confercnce, Inc. (NEGC) Comrnittee on the
Environment has endorsed the report entitled Health, Environmental, and Economic Impacts of
Adding Ethanol to Gasoline in the Northeast States, prepared by the New England Interstate
Water Pollution Control Commission (NEIWPCC) and the Northeast States for Coordinated Air
Use Management (NESCAUM), and the following conclusions from, the study:

MTBE (methyl tertiary-buiyl ether) has been beneficial to air quality -The use of RFG
(reformulated gasoline) in the Northeast has provided substantial reductions in.smog forming .
emissions and has drastically reduced emissions of benzene and othcr known carcinogens

found in vehicle exhaust.

MTBE has been harmful from a water qua!zty perspective- The unique charactenstlcs of
MTBE pose an unacceptable risk to the region’s groundwater.

Eceonomic implications of eliminating MTBE - MTBE and ethanol are the only two

oxygenates currently produced in quantities sufficient to meet the demand created by the
RFG program. Therefore, under current federal law, eliminating MTBE represents a de facto
mandate for ethanol. The consequences of introducing hundreds of millions of gallons of
ethanol into the region’s gasoline pool will have significant economic impacts. Conservative
estimates cite potential increases of the cost of gasoline in the range of 3-11 cents per gallon;

and

- WHEREAS, MTBE has been the primary additive to fulfill the oxygenate requirement in the
region, and in states that have passed legislation requiring a ban on gasoline containing MTBE,
ethanol serves as a de facto mandate to meet a state’s requirerent for RFG;

NOW, THEREFORE, BE IT RESOLVED that the New England Governors’ Conference, Inc.
acknowledges the need for a coordinated strategy that includes congressional action to lift the
oxygen mandate for RFG, and pending effective Congressional action, US EPA should grant
individual state requests to waive the RFG program’s oxygen requirements; and

BE IT FURTHER RESOLVED that in'an effort to continue to pursue the mutually important
goals of clean water and clean air, the New England Governors' Conference, Inc. directs its
Committee on the Environment to work with their respective stakeholderq to pursue a
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cordinated regional phase down of MTBE and estzblish an air toxic performance standard

ba sed on actual reductions achieved by RF G; and

B1: JT FURTHER RESOLVED that the New England Governors will instruct their respective
re: ponsible agencies to develop a model waiver request and technical support documentanon for
interested states to utilize in- pursuing & waiver of oxygen mandate; and

BI! IT FURTHER RESOLVED that the New England Govemors® Conference Inc. directs its
C¢ mmittee on the Environment to diligently explore opportunities to develop local sources to

produce fuel ethanol from cellulosic biomass in the region.

ADOPTION CERTIFIED BY THE NEW ENGLAND GOVERN ORS‘ CONFERENCE
INC. ON August 7, 2001. .

omess - e T ERENCE, TRC Be iR Massachusetty 02110-1226
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Absftract .

The California Air Resources Board (CARB), in cooperation with the Coordinating Research
Council (CRC), sponsored a major study on the permeation effects of ethanol on automotive
fuel systems. Permeation is a diffusion process whereby fuel molecules migrate through the
_elastomeric materials (rubber and plastic parts) that make up the vehicle's fuel and fuel vapor
systems. Permeation is a component of the evaporative emissions from the vehicle fleet.

The need for a study of the permeation effects of ethanol became apparent when in late 1999
California banned the use of MTBE in gasolines. With this ban, which became effective starting
in calendar year 2004, ethanol became the only oxygenate approved for use in California
gasolines. California must quantify the permeation effects of ethanol because California’s
statutes require that any increase in fuel emissions be off-set with a similar reduction from other
sources. The year-round use of oxygenated gasoline in severe and extreme ozone non-
attainment areas is a federal govermment requirement that applies to about 80 percent of the
gasoline sold in California. The CARB petitioned the Environmental Protection Agency to waive
the oxygenate requirement for California’s gasoline, stating that complying gasolines could be
blended without the use of an oxygenate. However, a waiver has not yet been granted.

The study was first proposed at a public meeting in Sacramento on June 21, 2001. The CRC
offered to support and co-fund the program. Contracts were awarded in March 2002, but
funding availability delayed the formal commitment until late in 2002.

This test program was designed to determine the magnitude of the permeation differences
between three fuels, containing either MTBE, ethanol, or no oxygenate, in the selected test
fleet. The testing was conducted on a sample of ten California vehicles chosen to represent the
fight-duty in-use fleet as it existed in calendar year 2001. The oldest was a 1978 Oldsmobile
Cutiass, and the newest was a 2001 Toyota Tacoma pick-up truck. Vehicles were identified and

purchased in late 2002,

The vehicle’s liquid and vapor fuel systems were removed and installed on aluminum frames
(igs) for evaluation. Special care was taken to remove the complete system without
disconnecting any of the components. The rig mounted systems were stabilized at 105°F with
a 100% fill of each of the test fuels.

The emission tests were conducted between January 2003 and Juhe 2004. Emission
measurements included steady-state permeation rates at 105 and 85°F, and 48-hour diurnal
measurements using the Califotnia test procedure (65 to 105 to 65°F). All emissions samples
were analyzed for hydrocarbons and specific oxygenates, and average reactivities were
calculated from the speciation results for all three fuels. Repeat diurnal tests were performed
using the non-oxygenated fuel to establish an estimate of the repeatability of the experiment.
The coefficient of variation (COV) (standard deviation/ mean level) for the diurnal results was
aslimated at 8§%. .

Emissions increased on all 10 vehicle fuel systems studied when ethanol replaced the MTBE in
the test gasolines. The average permeation emissions with a 5.7 volume % ethanol gasoline
were 1.40 grams/day higher than permeation emissions with the MTBE gasoline and 1.10
grams/day higher than permeation emissions with a non-oxygenated gasoline. This is
equivalent to an average permeation emissions increase of 65% with a change from the MTBE
gasoline to the ethanol gasoline and 45% with a change from the non-oxygenated gasoline to
the ethanol gasoline. The average permeation difference between the MTBE fuel and the nor-
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oxygenate fuel was 0.30 grams/day. The differences between the ethanol fuel and the others
are statistically significant at the 95% confidence level. The differences between the MTBE and
the non-oxygenated fuel are not statistically significant.  The results of this study apply to 5.7%
ethanol biended gasoline as used in California, but may not necessarily apply to higher
concentration ethanol blends or different gasoline compositions. This report with detailed
results of the test program has been posted on the CRC's web-site at www.crcac.com and on
CARB's web-site at www.arb.ca.gov/fuels/gasoline/gasoline. htm. -

The rigs with non-metallic fuel tanks were evaluated to determine if permeation emissions
varied with fill level. The base program stabilized the permeation at 100% fill. Additional testing
was performed at 20% fill. Mixed results were obtained — the newer systems had less
permeation after the 20% stabilization; the mid-90s tanks had little effect or an increase.

Introduction

California has achieved significant improvements in air quality in the last decade. An important
contribution fo the State's progress has been the regulation of gasoline properties to reduce
motor vehicle emissions, California's Phase 1 gasoline regulation, which took effect in 1992,
banned the use of lead, required the use of deposit control additives, and placed further limits
on volatility. The Phase 2 regulations, which took effect in 19986, required extensive changes to
gasoline composition, including specifications for oxygen at the levels required by the federal
government. Under federal law as defined in the Clean Air Act Amendments of 1990 (Section
211 (k)(2)(B)), severe and extreme ozone non-attainment areas of the country are required to
use “reformulated” gasoline as one of their attainment strategies. This reformulated gasoline
must contain at least an average of 2% (by weight) oxygen year round. Two oxygenates are
commonly used, Methyl Tertiary-Butyl Ether (MTBE) and ethanol (EtOH).

The effects of MTBE use were studied by University of California researchers, and based on the
study’s findings and public testimony, the governor issued Executive Order D-5-99, dated March
25, 1999, stating that there was a significant risk to the environment from using MTBE in
gasoline in California. The Executive Order D-5-99 directed specific action to be taken by
appropriate state agencies including the ARB to ban the use of MTBE and investigate the
environmental effects of alternative oxygenates. Among other tasks, the ARB was specificaily
directed to do the following:

* Adopt Phase 3 (CaRFG3) regulations to provide flexibility in lowering or removing
oxygenates while maintaining air quality benefits of the existing ReFormulated Gasoline
program (RFG)

* Request a waiver from the federal year round oxygenate requirement on California’s
gasoline.

With the ban on MTBE effective December 31, 2003, ethanol is currently the only oxygenate
approved for use in California gasoline. Under the governor's Executive Order, various state
agencies evaluated the environmental impact of ethanol use. One impact of concern was the
potential for ethanol-containing gasolines to increase the rate of permeation of fuel components
through materials used in vehicle fuel systems. Permeation is the migration or diffusion of fuel
molecules through the elastomeric materials (rubber and plastic parts) that make up the
vehicle’s fuel and fuel vapor systems. Permeation is a component of the daily evaporative
emissions from a vehicle, but the effect due to ethanol use was not adequately quantified when
the ARB adopted the Phase 3 RFG regulations in 1999. This report does not assess
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permeation emissions from non-automotive sources such as fuel storage and distribution
facilities, portable storage containers, efc.

This test program, (CRC E-85 Program), was designed to determine the magnitude of the
permeation effect on the selected vehicle systems. The objective was to measure the
permeation emissions of California-compliant gasolines containing MTBE, ethanal, or no
oxygenate in vehicle systems representative of the light-duty in-use fleet as it existed in
calendar year 2001. The study was initiated by the CARB staff and proposed by Harold Haskew
& Associates, Inc.” of Milford, Ml at a public meeting in Sacramento on June 21, 2001. The CRC
asked to participate and offered to co-fund the program. Harold Haskew was selected to
provide the program administration. Automotive Testing Laboratories (ATL)? was selected to
provide the testing services for the study. Contracts were awarded in March of 2002, but
funding availability delayed the formal commitment until late in 2002. The emission tests were
conducted during a period that ran between January 2003 and June 2004. This report presents
the results of the experimental test program.

We offer page number references at each item to speed the reader to the pertinent section.
Second, because of the voluminous data, we have offered example listings of the underlying
data, and referred the reader to a “Companion CD-ROM”, available through the CRC® by
request, or available as a down-load from the CARB web-site
(www.arb.ca.gov/fuels/gasoline/gasoline.htm). Third, we have included background information
about permeation as a component of evaporative emissions, the SHED technique for measuring
evaporative emissions, and the history of evaporative emission regulations.

! Harold Haskew & Associates, Inc., 425 W. Huron, Snite 230, Milford, MI 48381 Phone (248) 684-3410

2 Automotive Testing Laboratories, 263 S. Mulberry St., Mesa, AZ 85202 Phone (480) 64%-7906

¥ Coordinating Research Council (CRC), 3650 Mansell Road, Suite 140, Alpharetta, GA 30022, (678) 795-0506,
“www.CRCAO.com”
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The CRC E-65 Project Steering Committee

The Coordinating Research Council (CRC) is a non-profit organization that directs, through
committee action, engineering and environmental studies on the interaction between automotive
equipment and petroleum products. The Sustaining Members of CRC are the American
Petroleum Institute (AP1), the Soclety of Automotive Engineers (SAE) and a group of automobile
manufacturers (Ford, General Motors, DaimlerChrysler, Honda, Toyota and Volkswagen).

The E-65 project was directed by a steering committee of 18 members, including
representatives of vehicle manufacturers, the petroleum industry, CARB staff, and the

Renewable Fuels Associaticn.
Members were;

Gaty Herwick Co-Chair
Mike Ingham Co-Chair

Brent Bailey
Loren Beard
Tim Belian
Steve Brisby
Steve Cadle
Pominic DiCicco
King Eng
Frank Gerry
Albert Hochhauser
Stuart Johnson
David Lax
Hannah Murray
Mani Natarajan
Robert Reynoids
Dean Simerath
Jim Uihlein

Ken Wright

General Motors
ChevronTexaco

Coordinating Research Council
DaimlerChrysler

_Coordinating Research Council

California Air Resources Board
General Motors

Ford Motor Company

Shell Global Sojutions

British Petroleum

ExxonMobil

Volkswagen of America
American Petroleum Institute
Toyota

Marathon Ashland

Renewable Fuels Association
California Air Resources Board
British Petroleum
ConocoPhillips
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Conclusions, Findings and Recommendations

Conclusions - Based on the results of this study, and subject to all the limitations of the project
plan and scope, the following can be concluded:

1.

Gasoline containing ethanol at a level of 2.0 weight percent oxygen increased the
permeation of the tested California vehicle systems, compared to gasoline with MTBE as
the oxygenate at the same oxygen content, or a similar gasoline made without any
oxygenate; these changes in emissions were statistically significant at the 95% level for
the diurnal data. The non-oxygenated fuel did not produce a statistically significant
change in permeation relative to the MTBE fuel. (Page 39)

Non-ethanol hydrocarbon permeation emissions generally increased when the ethanol
containing fuel was tested. (Pages 51-52)

The average specific reactivities of the permeate from the three test fuels were similar.
The specific reactivities of the permeate of the MTBE and ethanol fuels (Fuels A and B)
were not statistically different on average. The non-oxygenated fuel {Fuel C) permeate
was higher than the other two with a statistically significant difference. {(Pages 44-50)

Permeation rates measured at different temperatures followed the relationship predicted
in the literature, nominally doubling for a 10° C rise in temperature. (Pages 53-55)

A consistent relationship between the 105°F steady-state permeation rate and the
variable temperature 24-hour diurnal permeation rate was observed on all three fuels.

(Page 56)

Vehicles certified to the newer “enhanced” evaporative emission standards (phased in
from the 1996 to 1998 model years) had lower permeation emissions, including those
with non-metallic fuel tanks. {Pages 39-40)

The non-metallic fuel tank systems of the early 1990s (Rigs 5 and 6) exhibited relatively
high permeation emissions on all test fuels compared to the other systems tested.

(Pages 39-40)

Permeation rates from the two newest non-metallic fuel tank systems (Rigs 2 and 4)
exhibited a sensitivity to fill level. The emissions were lower when there was less fuel in

the tank. (Page 592)

Permeation emissions (105°F steady-state) generally approached a stabilized level
within 1 to 2 weeks when switching from one fuel to another. (Page 37)

Findings -

1.

The average increase of the diurnal permeation emissions was 1.40 g/day for the
ethanol fuel compared to the MTBE fuel (Fuel B compared to Fuel A). The individual rig
increases ranged from 0.34 to 2.71 g/day. (Appendix G - Page 78)
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2. The average increase of the diurnal permeation emissions was 1.10 g/day for the
ethanol fuel compared to the non-oxygenated fuel (Fuel B compared to Fuel C). The
individual rig increases ranged from ~0.15 to 2.90 g/day. (Appendix G — Page 78)

3. The average specific reactivities (MIR — g Potential Ozone/g VOC) of the permeate
emissions from the three fuels, and the 95% multiple comparison limits about those
averages were found to be {(Page 49):

MTBE Fuel 3.47 £0.107
Ethanol Fuel 3.27 +0.102
Non-Oxygenated Fuel 3.66 = 0.075

4, The average 105°F steady-state permeation rates ranged from 9.4 to 801 milligrams per
hour (mg/hour) on the ten rigs and the three tested fuels. (Page 53)

5. The ratios between the 85 and 105°F permeation rates, on average, were (Page 54):

MTBE Fuel 0.42
Ethanol Fuel 0.46
Non-Oxygenated Fuel 0.46

Recommendations — [t is recommended that this sludy be expanded to assess the newer
California LEV Il compliant vehicles. The data and understandings collected during this iest
program are limited to the in-use fleet vehicles that existed at the time this study was initiated.
The California LEV |l requirements lowered the evaporative emissions (3-day Diurnal + Hot
Soak) limits from 2.0 g/day to 0.5 g/day starting with model year 2004 vehicles. These new
technology vehicles should be evaluated in the same fashion as was done in this study

It is also recommended that a similar study be done on E10 fuel. While the data were collected
at ethanol levels currently used in California (5.7%), ethanol is commonly used at 10% in other

paris of the country.

Test Program Overview

The objective of this test program was to measure the permeation emissions of California
compliant gasolines containing ethanol, MTBE, or no oxygenate, in vehicle systems
representative of the California in-use fleet as it existed in calendar year 2001.

A test fleet of 10 vehicles was chosen. ATL procured the vehicles for testing from California
retail sources, brought the vehicles to the laboratory in Arizona, and carefully inspected the
vehicles to insure that the original fuel system was presant and in good repair. After passing this
initial inspection, the lab personnel removed the entire fuel system intact (without making any
disconnections to the liquid or vapor system), and fabricated an aluminum rack or “rig"” that held
the components in their approximate x, y and z positions.

Each test rig was filled with test fuel and stored in a test room at 105°F until evaporative testing
determined that stabilization of the permeation emissions was achieved. Each rig had the fuel in
it circulated twice a week, and all fuel was drained and fresh fuel was installed every seventh
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week. Once each week, each rig was removed from the soak chamber, and placed in a hot
soak SHED* at a temperature of 105°F for 3 hours to estimate the current permeation rate.

After the rlg's permeation rate was stabilized at 105°F, and approved by the Steering
Committee, it was tested at 85°F and then prepared for a California 2-day diurnal (85 to 105 to

65°F) emission test.

The constant temperature tests were performed in a 105°F or 85°F hot soak SHED® for a three-
hour test period, with the emissions measured during the last two hours. All fixed temperature
(105° and 85°F) testing was performed in ATL SHED 14. Variable temperature diurnal (65° to
105° to 65°F) testing was performed in ATL SHEDs 13 and 15. These three SHEDS are
variable volumefvariable temperature (VV/VT) equipment that can be operated in fixed or
variable temperature modes.

The fuel tanks and the canisters were vented to the outside of the SHED to eliminate the
possibility of the tank venting emissions being counted as permeation. Emission rates were
calculated using the 2001 California cettification test procedure.

The fuel was drained from the rig, and a 40% fresh fill of the appropriate test fuel added. The
rig was then placed in a VT-SHED, the canister vented to the outside, and the California 2-day
diurnal procedure performed. Samples of the ambient air in the VT-SHED? were taken at the
start of the diurnal and at the end of day 1 and day 2 for later hydrocarbon speciation analysis.

The details of the procedures are shown schematically in Chart 1 through Chart 8.

* SHED — Sealed Housing for Evaporative Determination

3 A hot soak SHED is used for constant temperaturs evaporative emission tests. A variable temperature SHED (VT-
SHED) differs in that it has hardware capable of changing the infernal ambient temperature as required, and a means
for compensating for the volume change associated with that temperature change. A 65 to 105°F temperature swing
produces a 7.6% volume change, if the pressure remains constant. A VT-SHED can be used to conduct a constant

temperature test.
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Charts 2 & 3

Chart 4

Chart b

Chart 1
E65 Program Overview

Vehicle Procured and Deliverad to
ATL's Mesa, AZ Laboratory

A 4

Vehicle Acceptance Evaluations —
Primary Inspection and Performance
Testing

Accepted

A 4

Fuel/Vapor Systems
Removed

Y

Test Rigs Built to Hold Fuel/Vapor
Components While Maintaining Spatial
Relationships

Y

Pressure Checks Performed to Ensure
System Integrity

Next Program Test Fuel®

F 3

Installed

y

" Chart 6

Woeekly Permeation Tests Performed to
Determine Stahilization

Repeat 2 times

h 4

Charts 7 & 8

Permeation Quartifying Tests Performed
Two Hour Test &
Two-day Diurnal Test

F

Y

1.

* Program Test Fuels

California Fuel w/~11 vol% MTBE
2. California Fuel w/~5.7 vol% Ethanol
3. California Type Non-Oxygenated Fuel
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Chart 2
Vehicle Acceptance Evaluation
Step 1 ~ Procurement and Primary Inspection

Vehicle Procured and Delivered to ATL's
Mesa, AZ Laboratory

r

Fuel/Vapor Systems Pressure
Checked

r

Visual Inspection
(noting component condition)

PA* Acceptance Into
Program

Vehicle
Rejecled

* = Program Administrator
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Chart 3
Vehicle Acceptance Evajuation
Step 2 - Performance Testing

Drain Fuel Tank

v

40% Fuel Fill — with Commercial
California Phase 2

v

Road Preconditioning®
{equal to one LA4) |

¢ Repeat 3 times

One Hour Minimum Soak T

¥

Top Off Tank to 40% Fill —
Commercial Cal. Phase 2

'

One LA4 Preconditioning

v

12 — 36 hour Soak

v

Cold Start FTP

v

One Hour Hot Soak in
SHED @ 105° F

v

Vehicle Stabilized @ 65°F

h 4

Perform ¢

Repairs Two-day Diurnal in
F VTSHED (65-105-65)

v

PA Evaluation of Results Rejected

Recommend
Repairs

Accepted

*= Dyno prep acceptable if dictated
by vehicle licensing

10
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Chart 4
Construct and Validate Test Rig

Fuel/Vapor System Components
Removed

Y
Components Mounted on Test
Rig Maintaining Spatial
Relationships

Y

Pressure Checks Performed to
Ensure Integrity

hd

Fuel Tank Filled to Capacity with i ;
Toat Fusl Typical Test Rig

Y

Pressure Check System for
Fuel and Vapor Leaks

Y

Test Rigs Placed in 105° F Soak
Area

11
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Chart &
Test Fuel Change and Stabilization

Drain Fuel Tank

A

r

Add 10% of Tank Capacity
Using Test Fuel

Y
Rock Rig to Slosh New Fuel

Repeat
One
Time

Throughout Tank

Y
Circulate with Fuel Pump to

Purge Previous Fuel

Y
Vapor System Purged by
Pressurizing Through Fuel Filler
Inlet

h
Drain Fuel Tank

h 4

Fill to 100% Capacity with Test
Fuel

hd

Test Rig Returned to 105° F
Soak Area

12
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Chart 6
Weekly Stabilization Test

Test Rig Placed in SHED @
105° F

A

y

Canister and Tank Vented
Outside SHED

\ 4

Door Sealed, Continuous
Sampling Begins

Drain and 100% Fill with

Test Fuel at 45 Day
Intervals
| hour
Initial HC Reading Taken
v
Permeation Rates are
Calculated After Hours 2
and 3
l Return to 105° F Soak Area
: for Additional Wesk, Then
Test Rig Returned to 105° F Retest

Soak Area.
Fuel Circulated for Two Minutes
Twice per Week While in
Sterage

Fuel Circulated for Two
Minutes Twice per Week
While in Storage

A

Test Data Validated and
Approved by FA

F

Results Stabilized Within
Established Limits ?

No

13
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Chart7?

Permeation Quantifying Test

Step 1 — Two Temperature Permeation Test

TestRig in SHED @
105° F

h 4

Test Rig Placed in SHED

h

@ 85°F

!

Canistet and Tank
Vented Outside SHED

1 hour

Data Logger Started

X

Conduct 85°F Steady-state
Test

A

Data Validated and
Approved by PA?

Return to 85°
FF Soak Area
for Min. of 24
hours, then
Relest

l Yos

No

14
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Chart 8
Permeation Quantifying Test
Step 2 - Diurnal Test

F N

4

40% Fuel Fill with Program
Fuel

Y

iFuel and Vapor Systems
Purged

!

Place Test Rig in VTSHED
@ 65°F

!

Canister and Tank VYented
Outside VTSHED

v

Soak for Minimum of 6 hrs.
@ 65°F

y

No
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Fleet Selection

A ten vehicle sample was selected to
represent the range of light-duty vehicle
technologies and ages that existed in the
California in-use fleet in calendar year 2001.
The sample size represented a pragmatic
choice between manageability, cost, and a
reasonable cross-section of vehicles.

A 2001 summary of gasoline-fueled
passenger cars and light-duty trucks
registered in California was furnished by Mark
Carlock, Chief, Mobile Source Analysis
Branch, Planning and Technical Support
Division, CARB. We divided the sorted list into 10 deciles, grouped by model year as shown in
Figure 2. The oldest 10% were vehicles from the pre-1983 model year — more than 20 years
old. The pre-1870 model year vehicles had no evaporative emission controls at all. The 1970
to 1980 models had only the simplest of controls -- basically a carbon canister to contain the

daily diurnal vapors.

Figure 1 — Vehicle Teardown
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Figure 2

The project committee selected one vehicle from each of the model year decile groups. It was
decided to balance the vehicle mix between cars, and light-duty trucks, which includes vans and
sport utility vehicles. Choices were restricted to popular high-volume models that would be

available in the existing population.
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The test vehicle requirements were:

» Must be a California model from the California population
+ Must have all the original evaporative control equipment present and functioning
e Must be in good mechanical condition, with no fuel system leaks

The final selection is listed in Table 1:

Table 1
E-65 Test Fleet Vehicles
Model Year Vehicle Model Rig No.
2001 Toyota Tacoma (P/U) 1
2000 Honda Odyssey (Van) 2
1909 Toyota Corolla 3
1997 Chrysler Town and Country (Van) 4
1995 Ford Ranger {P/U) 5
1993 Chevrolet Caprice 6
1991 Honda Accord 7
1989 Ford Taurus 8
1985 Nissan Sentra 9
1978 Cldsmobile Cutlass 10

Six passenger cars and four trucks were chosen. Four vehicles had non-metallic fuel tanks —
the Honda Odyssey (Rig 2), the Chrysler Town and Country (Rig 4), the Ford Ranger (Rig 5),
and the Chevrolet Caprice (Rig 6). The significance of the tank material is that permeation is a
function of surface area, and a fuel tank is the largest surface area component of the vehicle’s
fuel and vapor system.

Rigs 1 through 8 were purchased from dealers - 9 and 10 (the oldest vehicles) were purchased
from private parties. Lab personnel traveled to inspect the vehicles to insure that they were
suitable for the project. The newest 4 vehicles were driven from California to the Mesa, Arizona
test facility, stopping at the California border to fill the tank with California conforming gasoline.
The older vehicles (5 through 10} were trailered from California to the laboratory, again, filling
with California fuel near the border to keep the permeation rate consistent with the California

type fuel.

The odometers on the fleet ranged from 15,000 miles on the newest vehicle, the 2001 Toyota
Tacoma, to 143,000 miles on the 1985 Nissan Sentra. Six vehicles had odometers over 100k
miles. The oldest vehicle, the 1878 Oldsmobile Cutlass had 58k miles. Detailed test vehicle

specifications are shown on Table 2.
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Table 2

E-65 Fleet Specifications

] Enthan.
Veh _ Engine Size Fuel Tank ! 40% ¢ Plastic | Bvap/
No.: Yr Make/| Modal OO L  Sys.| Odo. | EngneFanily | PEvapramly | Size! Fil = Metal - ORVR VIN
i I"[’\"ES . m ga"o]’}s H
001 ; 2001 Toyota: Tacoma 146 24 . FA 15,460 1TYXT02.4FFH 1TYXEQDD95AED 158 6.3 | Metal | Enh. [STENL4ZNO1Z718176
002 ;2000 HondaiOdyssey 214 ¢ 3.5 ¢ PR 118,495 YHNXT03.5EA3 { YHNXEO130AAE 20.0: 8.0 {Pasiic: Enh. 2HKRL1852YH518467
003 1999 Toyoia: Coralla 110 1.8 1 PR [ 77,788: XTYXV01.8DXB XTYXROT15AKE 11321 5.3 | Metal : ORVR  INXBR12EXXZ272585
004§ 1697 ChrysleriTown & Country § 232 3.8 | PFl @ 71,181 VCR22228G1EK I VOR1098AY A { 20.0 ¢ B.0 | Fastic | neither | 1C4GPE4LTVB367264
0051895 Ford: Ranger 140 | 2.3 © PRl § 113,077 5AM2.318G1EK | SEMI045AYFOA { 16,5 6.6 | Plastic ; netther | 1FTCR14ABSPA 11610
006 { 1993 | Chevralet; Caprice Classic | 305 ¢ 5.0 ;| TBI : 100,838 P1GE.7TW5XEAQ FBO-1A. . 23.01 2.2 | Pastic | neither i 1G1BL53E0PR134923
007 1981 HondaiAccord LX 1341 2.2 ¢ PFl | 436,561 MHN2.2VSPCZ  191FG 17.0; 6.8 | Metal | neither {JHMCB7639MC054984
008 : 1989 rord Taurus GL 182_ 3.0 PFl ;110,623 KFM3.0VSFEDE ;9HM 16.0 ! 6.4 | Metal  neither : 1FABPS2UZKG140820
009 1985: WNssan: Sentra 98 1.6 | Carb! 142,987 FNS1.6VOFBC2 [5ECC-3 132 5.3 | Metal | neither | JN1FB15S3FU166896
0101978 Clds.:Cutlass - 262 4.3 {Carbi 58,3241830H2U 78BD 1811 7.2 | Metal [neither 13R47F8G432470
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The vehicles represented by the three newest rigs, (1999 MY = Rig 3, 2000 MY = Rig 2, and
2001 MY = Rig 1), wete all certified to the “enhanced” evaporative emission requirements (CA
LEV) and were developed against a 24 hour® diurnal requirement. The evaporative emissions
certification procedures used for the earlier model year vehicles represented in this study
measured permeation during a 1 hour hot soak, and a “compressed-time” one hour diurnal. The
enhanced test procedurss put more emphasis on control of permeation in real-time.

Rig 4, the fuel system from a 1997 Chrysler Town and Country Van, was not certified to the
“enhanced evap" standards, but clearly had advanced hardware fitted in anticipation of the up-
coming regulations. This was verified by the DaimlerChrysler representative to the Steering
Committee.

The 1993 MY Rig 6, and 1995 MY Rig 5 featured non-metallic fuel tanks of blow-molded high-
density polyethylene construction. Rig 6 used a fluorination surface treatment on the inside of
the tank o lower the permeation.

Each vehicle was given a complete inspection when it arrived at the iab to verify that all the
emission components were present, and in good repair. The fuel system was pressure
checked, and an engineering-type cne-day diurnal test was performed fo insure that the vehicle
was suitable for the program. One vehicle was rejected after receipt at the lab, which required
abtaining another candidate.

Test Rig Construction

Fuel system test “rigs” are used in the automotive development process to isolate the fuel
system’s contribution to the emissions. Since tires, adhesives, paint and vinyl trim can also emit
hydrocarbons, they need fo be removed to provide a better chance of propetly identifying the
fuel-related emissions. Isolating the fuel system components on a “rig” was the appropriate
choice.

Refueling vapor controls are commonly developed in the automotive industry using rigs, or “test
bucks”, but they feature only the tank and canister system, with the carbon canister located
- close to the tank. This project included the fuel and vapor lines, and their chassis to engine
connection hoses at the front of the vehicle.

Ali the fuel system components that could contribute to permeation losses had to be kept in the
original spatial relationship. This meant that the rigs were almost as long as the vehicles. For
system integrity, all components were removed and remounted without any disconnections.
The photo of Rig 9 in Figure 3 shows one of the results.

In all cases, the vehicle was sacrificed, and the remaining parts and pieces sold to a scrap
deater. The Caprice and the Cutlass were bodies-on-frame, and required significant effort with a
power saw to cut away the frame to allow the fuel lines to come free. The test rig frame was
constructed of 1.5” square aluminum tuhe, with metal caster wheels at the 4 corners. Additional
photos of some of the components are shown in Figures 4 and 5.

® The vehicle is tested for up to three days in the SHED. The highest day’s value (24 hour period) is used to
determine compliance with the standard.
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Figure 3. Test Rig 9

Figure 4. Canister and
Controls Mounting

Figure 5. Test Rig 4

A complete set of the rig photos is available at www.arb.ca.gov/fuels/gasoline/gasoline.htm.
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Fuel Properties

The projéct required three matched fuels — two with 2 weight percent oxygen, and a matching
non-oxygenated fuel. The fuels were called A, B and C, and were tested in the following order;

1. MTBE containing fuel (2 wt.% oxygen} (Fuel A)
2. Ethanot containing fuel (2 wt.% oxygen) (Fuel B)
3. Non-oxygenated fuel (Fuel C)

Commercial fuels expected to meet these requirements were obtained by ChevronTexaco from
terminals and inspected, including detailed hydrocarbon analyses. Based on these inspections,
adjustments were made. The three test fuels were prepared with volatilites matched to the
extent possible. The parameters that were matched included, in order of importance, RVP, T10,

T50, T90.

Fuel A was found to contain too much oxygen and was lower in toluene content than the other
fuels. Therefore, toluene and isopentane were added to lower the oxygen content and increase
the toluene content while maintaining the vapor pressure. Fuel B was found to be much lower
in olefins content than the other fuels so light FCC naphtha was added. Ethanol was added to
the adjusted blend to bring its oxygen content back to 2.0 wt %. Fuel B was obtained without
the required deposit control additive. The same deposit control additive present In Fuels A and
C was added to Fuel B at the same use concenfration so there would be no deposit control
additive difference among the fuels. No adjustments were made to Fuel C.

ChevronTexaco supplied complete chemical speciation results for the three fuels as liquids. A
short summary of the speciations is presented in Table 3. The various HC species in Fuel A
were ranked and tabulated by their weight % in the fuel. Fuel B and C species are aligned with
the same species in Fuel A to allow a direct comparison of the composition of the three fuels.
The complete speciation listings for the three liquid fuels are contained in a Microsoft Excel™
file on the companion CR-ROM as “Liquid Fuel Speciation.xls.”

A fuel acceptance panel consisting of four laboratories inspected the three test fuels. The
average results of these inspections are shown in Table 4. The individual inspections obtained
by each laboratory are shown in Appendix H. The same standard ASTM test methods were
used by all laboratories. Distillation results were not provided by one laboratory because of
analytical problems with the test method. The results indicate that the vapor pressures, 10%
evaporated points, 50% evaporated points, and 90% evaporated points were matched to the
extent possible while frying to keep the aromatics and olefins contents similar.

A summary analysis of the three test fuels classified by major hydrocarbon category and carbon
number is shown in Table 5.
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Table 3

liquid Fuel Speciation Comparison ~ Top 46 Components
Fuel A Hydrocarbon Species Sorted by Weight % in the Liquid

Fuels B and C Components Aligned with Fuel A
Fuel A Fuel B Fuel C
| Species Wi.% Wt.% Wit.%
Oxygenates
MTBE 10.50 0.00 0.00
TAME . 1.12 0.00 0.00
Ethanol 0.00 5.86 0.00
Hydrocarbon Species .
Toluene 9.61 8.06 9.98
2-methylbutane 9.07 6.64 10.86
2-methylpentane 4.42 5.21 6.98
m-Xylene ‘ 3.72 4.69 5.63
3-methylpentane 273 3.36 4.22
Pentane 2.69 2.23 3.84
Methylcyclopentane 2.54 2.84 3.39
124-TriMe-benzene 2.38 2.58 2.42
Hexane 2.00 1.66 2.59
o-Xylene 1.76 2.13 2.60
224-triMe-pentane 1.63 3.64 2.19
3-methylhexane 1.59 2.81 212 .
Methylcyclohexane 1.52 3.16 0.90
1-Me-3-Et-benzene 1.49 1.65 1.52
2-methylhexane 1.46 2.51 1.79
2,3-dimethylbutane 1.29 1.40 2.03
2,3-dimethylpentane 1.18 1.75 1.51
Ethylbenzene 1.18 1.42 1.84
Heptane 1.17 2.80 1.20
Cyclohexane 1.15 1.12 1.91
p-Xylene 1.14 1.45 1.53
2-Methylheptane 0.91 0.70 0.66
3-methylheptane 0.86 0.76 0.76
2,2-dimsthylbutane 0.80 1.07 147
233-triMe-pentane 0.79 1.30 1.17
234-triMe-pentane 0.77 1.38 1.02
135-triMe-benzene 0.74 0.86 0.76
Butane 0.67 0.72 0.68
Octane 0.66 0.45 - 037
Benzene - 0.64 0.86 0.85
1-Me-4-Et-benzene 0.61 0.73 0.66
1C3-diMecyclopentane 0.58 0.90 0.39
2 4-dimethylpentane 0.56 0.67 0.69
225-trimethylhexane 0.53 0.36 0.95
1-Me-2-Et-benzene 0.52 0.53 0.51
Propylbenzene 0.51 0.45 0.43
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1T3-diMecyclopentane
123-triMe-benzene
2-methyl-2-butene
1T2-diMecyclopentane
Cyclopentane
2-Me-3-Et-pentane

2 4-dimethylhexane
2,5-dimethylhexane

% of Fusl

0.50
0.48
0.48
0.46
0.46
042
0.41
0.38

81.1

0.78
0.48
0.54
0.83
0.40
0.52
0.59
0.50

85.5

0.33
0.48
047
0.26
0.54
0.45
044
0.40

85.8

The 5.86 weight percent concentration of ethanol corresponds to 2.0 weight percent oxygen in

Fuel B.
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Table 4

CRC E-65 Permeation Study Fuel Inspections
{Average of Four Lahoratories)

Fuel A Fuel B Fuel C
CARB 2 CARB 3 CARB 2
Inspection Units MTEBE Ethanol Non-Oxy
API Gravity APk 58.8 58.2 81.0
Relative Density 60/60°F 0.7437 0.7461 0.7352
DVPE psi 7.05 7.12 7.03
Oxygenates-—-D 4815 .
MTBE vol% 988 <0.1 0.04
TAME vol% 1.13 <0.1 0.02
EtOH voi% 0.0 5.46 0.0
o2 wi% 1.98 2.02 0.01
FIAM Corrected--D 1319
Arcmatics vol% 22.9 25.9 26.7
Qlefins vol% 5.0 58 6.0
Saturates vol% 61.1 62.8 67.3
Oxygenaies vol% 11.0 5.46 0.07
Aromatics--D 5580
Benzene vol% 0.53 0.72 0.73
Toluene vol% 8.26 6.90 8.46
Ethylbenzene vol% 0.91 1.12 1.45
pim-Xylene vol% 382 4,91 5.71
o-Xylene vol% 1.42 1.76 21
Co+ vol% 8.59 10.13 7.62
Total vol% 24.26 26.24 27.20
D 86 Distillation®
IBP °F 100.7 108.5 101.0
5% Evaporated °F 128.1 128.7 128.0
10% Evaporated °F 135.8 133.8 136.3
20% Evaporated °F 147.8 140.1 147.9
30% Evaporated °F 160.7 155.4 160.4
A% Evaporated °F 178.5 184.5 175.4
50% Evaporated °F 195.7 202.8 193.1
60% Evaporated °F 219.2 218.4 213.3
70% Evaparated °F 243.7 235.8 236.3
80% Evaporated °F 270.0 261.2 2624
90% Evaporated °F 308.8 304.0 2978
95% Evaporaied °F 333.4 332.2 324.0
EP -°F 373.0 385.7 366.3
Recovery vol% 97.4 98.1 97.9.
Residue vol% 1.4 1.0 00
lLoss val% 1.2 0.9 1.2
Gum
Unwashed | mg/100ml 16.8 19.1 18.5
Washed | mg/100mi 1.0 0.5 0.6
Sulfur ppm 25.7 14.7 17.7

* One lab did not provide inspections of this property.
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Table b

CRC E-65 Permeation Study
Test Fuel Detailed Hydrocarbon Analysis

FUEL A -~ CARB 2 MTBE - BY VOLUME% and CARBON NUMBER:

CARBON N- lso- : Un-
NUMBER  Paraffin Paraffin  Olefins Naphthas Aromatics Oxygenate Classified
C3- 0.1 :

C4 0.88 0.10 0.05 0.01

C5 3.17 10.80 1.36 0.45 10.45

(03] 2.23 10.36 1.55 3.59 0.54 1.07

C7 1.26 5.50 0.64 3.33 8.18

C8 0.59 7.00 0.53 2.12 6.63 001
C9 0.39 3.09 0.57 6.03 0.39
c10 0.17 1.43 0.21 2.80 0.57
C11 0.07 0.35 0.58 0.47
C12+ 0.03 0.01 ' 0.03 0.30
TOTAL 8.88 38.63 414 10.27 24.79 11.53 1.75

FUEL B -- CARB 3 ETHANOL - BY VOLUME% and CARBON NUMBER:

CARBON N- Iso- Un-
NUMBER  Paraffin Paraffin ~ Olefins Naphthas Aromatics Oxygenate Classified
C3- 0.00 5.51

C4 0.92 0.15 0.01

C5 2.63 7.94 1.52 0.40 0.02

C6 1.87 12.44 2.34 3.88 0.73

Cc7 3.15 8.90 0.65 5.81 6.89

C8 0.47 10.57 0.27 0.97 8.28 0.01
C9 0.14 1.57 0.00 0.23 5.49 0.09
C10 0.04 0.44 0.03 3.04 0.14
C11 0.02 0.14 0.67 0.20
Ciz+ 0.03 0.04 0.14 0.22
TOTAL 9.28 4217 4.80 11.33 26.23 5.52 0.66

FUEL Cl~~ CARB 2 NON-OXY - BY VOLUME% and CARBON NUMBER:

CARBON N- Iso- Un-
NUMBER  Paraffin Paraffin ~ Olefins MNaphthas Aromatics Oxygenate Classified
C3- 0.00

C4 0.85 0.08

Cch 4.47 12.79 1.186 0.53 0.03

C6 2.86 16.32 2.78 5.10 0.71 0.01

c7 1.28 7.1 0.86 2.01 8.41

Cc8 0.38 7.94 0.33 1.00 9.77 0.01
Co 0.13 2.44 0.01 0.28 5.95 0.12
C10 0.05 0.61 0.07 2.20 0.21
C11 0.04 0.17 0.43 0.28
Ci2+ 0.01 0.01 0.06 0.17
TOTAL 10.07 47.48 5.13 8.98 27.52 0.04 0.79

Total
Per
Carbon
0.01
1.02
26.23
19.34
18.93
16.99
10.47
5.17
1.47
0.37
100.00

Total
Per
Carbon
5.51
1.08
12.51
21.25
25.40
20.58
8.53
3.69
1.03
0.43
100.00

Total
Per
Carbon
0.00
0.93
18.97
27.78
19.67

©19.43

8.93
3.13
0.92
0.25
100.00
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Data Collection and Quality Conirol

Five issues are preseinted in this section: 1. The correction for ethanol, 2. The technique used
to reduce the uncettainty around the steady-state measurement, 3. The definition of stability for
the 105°F steady-state measurements, 4. The Quality Control Rig, and 5. Gas Chromatograph
(GC) Speciation Procedure

Correction for Ethanol in SHED Measurements - Analysas of SHED samples in the E-65
pregram at ATL are based on the procedures detailed in the State of California ARB document:
“California Non-Methane Organic Gas Test Procedures” as amended August 5, 1999. 7

A standard Fiame lonization Detector (FID) exhibits different response rates for the different
hydrocarbon species occurring in gasoline. These differences are considered to be minor,
except for the underreporting an methanol and ethanol. Carrection factors for this response rate
were initially defined with respect to methanol and carried over to ethanol.

The SHED FID measures Total Hydrocarbon (THC). This reading is corrected with Fuel B by
subtracting the ppm of ethanol measured by the gas chromatograph (GC). This corrected THC
ppm is usad to compute non-ethanol hydrocarbon mass emissions. The non-gthahol mass
emissions of Fuel B can be compared to the non-ethanol mass emissions measured with Fuel A
and Fuel C. '

The ethanol ppm is used to compute the mass of ethanol emissions. The mass of the non-
ethanol emissions is added to the mass of the ethanol emissions {o arrive at the total emissions
for the test.

Three values are reported for ethanc! fusls: non-ethanol hydrocarbon emissions, ethanol
emissions, and the sum, as shown in Table 6.

Table 6
Permeation Test Results

NonEtOH Running
Rig Fuel Week Date Test¥ WNonEtOH EtOH  + EtOH Average Note
(g/hr) (g/hr) (g/hr) {g/hr)
01 01 Toycta Tacoma _
03/11/03 Drain and 100% fill fuel A
A 7 03/13/03 5086 0.0204 0.0203
A 8 03/20/03 5108 0.0094 85°
03/24/03 Drain and 40% fill fuel A
A D1* 03/25/03 5118 0.253 DHB
A Dz* 03/28/03 5118 ' 0.229 DHB
04/09/03 Drain and 100% fill Fuel B
B 0 04/10/03 5162 0.0308 0.0053  0.0361
B 1 04/17/03 5186 0.0332 0.0248  0.0580
B 2 04/23/03 5207 0.0332 0.0232  (0.0564

e D1 and B2 denote Day 1 and Day 2 of the diurnal test. Results are in g/day units.

7 CARB website: www.arb.ca.gov/fuels/gasoline/gasoline.him
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Reducing Uncertainty in the Steady-State Measurements - Emission test variation has been
an historical concern. Something is measured twice with different values. Which one is right?
The concern for variation becomes significant as the measurement levels decrease, perhaps
approaching the level of detection. This was a subject of much study during the mid-70s when
the exhaust emission standards were “drastically” lowered. (See SAE 770138, “A Treatise on
Emission Test Varlability”, by W. Juneja, et al)

The FIDs used In contemporary evaporative emission tes'ting have a very high level of precision,
i.e., the ability to resolve very small concentration differences (not to be confused with
“accuracy”, a different issue).

The weekly tests were examined using an unusual technique developed by the project Steering
Committee to gather the most repeatable data. It is described as follows:

The steady-state testing done at ATL for the E-65 project sampled (measured)} the
concentration in the SHED every 30 seconds, and with suitable precision to detect a reliable
difference, established the emission rate for each half minute. The 30-second measurements
were a "grab sample”, and 12 of these consecutive samples were averaged to make a six
minute average. Ten G-minute averages were then used to create an houtly permeation rate
measurernent with a higher leval of confidence than simply measuring the concentration at time
zero, and then again an hour later.

The procedure was as follows: The measurement SHED was stabilized at the test temperature.
The rig was brought from the soak area to the SHED, placed in position, and the door closed
and sealed. When the temperature in the SHED had returned to the test temperature and was
stable, the 3-hour test started.

The steady-state permeation levels were measured on these rigs as was described in the plan
of work, and the project flow charis, for 3 hours at 105°F. The SHED mass was sampled and
reported every 30 seconds on the facility's _

data logger. As mentioned above, 12 '"'="=:e':';;:'1 ';T';;e;_';'_’;a“a"e
readings of the incremental 30-second 608 S
mass-grams for a 6-minute period were Fusl'
measured and averaged to produce an 0.4
hourly rate (g/hour).

The vertical scale is the permeation hourly i

rate. Each diamond represents the
permeation hourly rate estimate for each 6
minute period. The first hour results shown *
in Figure 6 were not as stable as desired o
and were not used further. (See the
discussion below regarding the decision to 6.0 — —
discontinue relying upon the first hour ’ ! R ? 3
results for determining the weekly staady-

state permeation levels.) Highlighted in red
were any G6-minute readings that were more than 2 standard deviations from the hourly mean
data on the plot. The measurement at 2 hours (red symbol) was outside the 2 standard
deviations from the mean level in the analysis. The lab guality supervisor was alerted to a
possible problem with the sample or analysis train, and corrective action was taken.

Fermediion Rate - gfihr
*
+
L ]

Figure 6
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The 10 six minute averages for hour 2 were averaged to establish the average level for hour 2.
Ninety % confidence interval estimates (n=10) for the hour 2 mean were calculated using the
procedure from Microsoft Excel™, This procedure was repeated for the hour 3 data. Finally, the
average of the 20 six minute estimates was used to determine a composite average for hours 2
plus 3.

Rig 01 Weekly Stabilization Testing Results

0,030

0.025

o | o i H

0.015 #- { S

0.010 |

Permaation Rate -~ grams/hour

0005 Fovvove-

0.000 w T T

0.0 1.0 20 Week 3.0 4.0 5.0

Figure 7

The plot shown in Figure 7 represents the type of data presentation first used for review and
approval. For each week there were three estimates. The left most dot and whiskers
represented the average and the 90% confidence limits for hour 2, The middle dot and whiskers
are the values for hour 3, and the rightmost dot and whiskers are the values for the combined
data (n=20) for hours 2 and 3. '
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It was expected that the data for hour 2 would not be different from hour 3. f a difference was
detected, it might be a SHED or rig stability problem. After several months to build confidence,
it was decided to discontinue the hour 2-hour 3 comparison, and present only the average value
for the 20 measurements made during hours 2 and 3 as the weekly estimate of the permeation
rate. The stability of the measurements was continually monitored, and the analysis saved in a
lengthy summary called the “Section 3 Analysis.”

Incremental Permeation Rate
Test 5263, Rig03, 5-23-03

0.16
-+
Fuei'B'
014
- »
5 . *
1
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£ ee?
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'g Q" s
E .10 . '0 . .
1]
i * *> * +*
L 3 * 4’—‘—“-——.—“‘0
0.08 *
.
0.06 w
0 1 2 3

Test Time - hours

Figure 8

The plot shown in Figure 8 illustrates a condition that was sometimes observed, and led to a
decision by the Steering Committee to not use the first hour measurements in the calculation of
the weekly average steady-state permeation rate. The vertical scale is the measured emissions
rate for each 6-minute sample, expressed in grams/hour. The horizontal scale is the official test
period, three hours. An average value for each of the three hours of the test are indicated by
the hour long horizontal lines in blue. The first hour average is indicated af 0.12 g/hour.

The trend indicated on the plot in Figure 8 shows a decreasing rate over time. The first hour was
higher than later measurements in this example. Hours two and three were relatively stable.
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The plot shown In Figure 9 was more typical of the majority of the data. Hours one, two and
three had permeation emission rates that wera similar — this is what was expected.

The First Hour Anomaly — A Theory Regarding the issue illustrated in Figure 8, the SHED
has a heating and cooling system for temperature control. When the SHED was opened 1o
insert the rig, the temperature dropped below the set point. When the door is closed the heating
system had to become active to re-establish the temperature. During this re-heating period,
there may be some “baking off’ of latent HC that had been previcusly trapped in the fins and
crevices of the heat exchanger. This would give a higher initial rate of emissions, gradually
returning to some stable value.

Stabilization Technique - Permeation is known to be strongly affected by femperature, and
the results of this test program confirm that observation. It was decided to subject the rigs to a
constant temperature (105°F), measuring the hourly permeation rate once a week (also at
105°F) until the permeation rate was deemed to be stabilized. The formal criteria for
stabilization was a reversal in the 4 test moving average, modified somewhat by the Steering
Committee's judgment. An example is offered in Table 7 o explain the concept.

30



E65 Final Report - Fuel Permeation from Automotive Systems

Table 7
Permeation Test Results — Example

2000 Honda Odyssey ' Trend
NonEtOH Running

Rig Fusl Week  Date Test# NonEtOH _EtOH =+ EtOH Stdev Conf. Average
{g/hr) (g/hr) (afhr)

0z A 05/22/03  Drain and 100% fili fuel A

0 05/23/03 5264 0.0817 0.0064 0.0024

1 05/30/03 5276 0.0658 0.0040 0.0015

2 06/06/03 5293 0.0582 0.0031 0.0011

3 06/13/03 5309 - 0.0608 0.0025 0.0008 0.0666

4 06/20/03 5327 0.0668 0.0065 0.0020 0.0629 J
5 06/27/03 5345 - 0.0632 0.0033 0.0012 0.0587 i
8 07/04/03 5364 - 0.0583 0.0032 0.0012 0.0583 1]
7 07/11/03 5388 0.0513 0.0047 0.0017 0.0569 i3
8 07/18/03 5411 0.0510 0.0039 0.0014 0.0530 i

07/24/03 Drain and 100% fill Fuel A

9 07/25/03 5433 0.0595 0.0062 0.0023 0.0545 )
10 08/01/03 5456 0.0578 0.0087 0.0032 0.0549 )

Table 7 was selected from the Microsoft Excel™ file, “Rig Test Summary.xls,” which lists the test
history for each tig on each fuel. The fuel tank was drained, and filled to 100% of rated capacity
on 5/22. The rig was first tested the next day (Week 0), and each week thereafter. The test
number is the internal laboratory test identifier. The next 2 columns were used in the later tesis
to identify the non-EtOH hydrocarbons, and the EtOH measured. The 8" column (NonEtOH +
EtOH) is the total permeation rate in grams per hour for that weekly test. The 9" column is the
standard deviation calculated from 20 six-minute permeation rate measurements (See the
subsection in this report entitled “Reducing Uncertainty in the Steady-State Measurements.”).
The next column is the 90% confidence interval on the average measurement, given the
variation observed in the 20 six-minute observations of the SHED mass increase. The column
labeled Running Average is the average of the 4 total permeation values (column 8) reporied for
the current and the immediately preceding 3 weeks. The final column indicates whether the 4-
week running average has decreased or increased.

The average decreased each week from week 4 through week 8 when there was a scheduled
fuel change on 7/24. The test on 7/25 replaced a low weekly measurement with a higher one,
and the average increased comparable to the previous 4 week value, resulting in a trend
reversal. There was concern that the 7/25 measurement was an artifact of the fuel change, and
another test was requested. The test on 8/01 verified that the permeation had stabilized, and
the rig was authorized for the performance test sequence. This technique is presented
graphically in Figure 10.
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The Quality Conirol Rig - Previous experience had proved the value of a “repeatable”
emission source as a quality check on the emission measurement system. Early in the project a
“quality control rig” was fabricated using a 23-gallon capacity non-metallic fuel tank to perform
this service. The fuel tank used was the same make and model as the cne on Rig 6, the 1993
Chevrolet Caprice. The large capacity meant it would hold a lot of fuel, and have less sensitivity
to “weathering” of the fuel, since periodic fuel changes were not planned.

Figure 11. The QC Rig

A photo of the QC Rig appears in Figure 11. It consists of a HDPE 23-gallon fuel ‘tank and fill
pipe assembly, with short stub hoses on the fuel and vapor vent lines. The vapor space of the
tank is vented outside the SHED during the permeation test measurement, as was done on the
test rigs.

Figure 12 shows the weekly permeation rate measurements made on the QG Rig. The
horizontal scale is the individual weekly measurements. Fifty-eight (68) weeks of the latest data
are shown. The vertical scale (hote the expanded scale used) is the hourly rate, roughly 0.3
g/hour. The dot represents the average value, and the "whiskers” show the 90% confidence
estimate on the average value, based on the 20 six-minute values used to create the average
value. A trend line was fitted to the plot using the Microsoft Excel™ routines. The fuel was not
changed during this interval, and some weathering occurred. The level dropped about 0.05
grams per hour over the 58-week pertiod, and this was considered an acceptable amount for our
purposes.
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The 4 week running averages of the weekly permeation data for the QC Rig are shown in Figure

13.
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Gas Chromatograph {GC) Speciation Procedure - The testing laboratory (ATL) had
developed a hydrocarbon speciation method that is functionally equivalent to, but possibly more
efficient than, the dual-GC Auto-Oil Air Quality Improvement Research Program (AQIRP)
method (no third column for benzene and toluene separations). This method has been used at
ATL for much of its speciation. Instrumentation demands are simplified, and overall analysis
time is shortened, yet high resclution and sensitivity are still achieved. In this single-GC
method, all components are separated using one column type and temperature program.
Analysis time for a cycle is 65 minutes. Each exhaust or evaporative gas sample is
simultaneously injected (using a single sampling from the bag) into identical columns present in
the dual column GC. Column A contains a 85 pl sample loop (splitless injection) that provides
an injection volume that is small enough to allow resolution of the C4 through C4 hydrocarbons

while large enough to retain the highest sensitivity possible. Column B receives a 1000 pl
splitless injection, providing higher sensitivity for components eluting after isobutane. In both
cases, the sample loop is controlled at column head pressure giving ambient pressure sample
sizes of 195 ul and 2000 pl for the small and large injections, respectively. Quantitative
comparison of three overlap components {butane, isopentane, and pentane) provides a quality
control measure. Data from column A is used to detect and quantitate the 12 earliest eluting
hydrocarbons (corresponding to the first 15 hydrocarbons listed in the SAE 930142
Hydrocarbon Speciation Library, minus {-2-butene, n-butane, and 2,2-dimethylpropane) with
detection limits of 15-25 ppb C, corresponding to 0.2-0.3 mg/mi hydrocarbon for FTP stages 1
and 3, and 0.3-0.5 mg/mi for FTP stage 2. Data from column B gives detection limits of 0.017-
0.04 mg/mi HC for components eluting after isopentane (18th in elution order). The
components eluting between the 9th and 18th in elution order have detection limits ranging
between the levels listed above for each column. In previous work which applied this analytical
approach, detection limits were determined to be between 0.02 and 0.06 mg/mi for 1,3~
butadiene and benzene. These detection limits can be compared fo detection limits of 0.1
mg/mi (FTP composite) using the SAE 930142/AQIRP method. Benzene is sufficiently resolved
from 1-methylcyclopeniene using this method with no significant interferences; this is an
advantage of ATL's method over the AQIRP method, which dees not resclve this important pair
in the C4-C42 method. ATL's chromatographic conditions have been optimized to resolve these

two species to a ratio of about 1:20, 1-methyleyclopentene:benzene. Thus, ATL's method gives
an expected accuracy for benzene of 95% or greater.
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Resulis

The original test program, (105°F stabilization, 85°F steady-state test, and a 2-day 65-105-65°F
diurnal test) was completed in late May of 2004. Hydrocarbon speciation was specified In the
original task and the resulis were later augmented with the inclusion of maximum incremental
ozone reactivity (MIR) values drawn from the literature. Two additional assignments (replicate
diurnal tests on Fuel C, and a sensitivity test with reduced fill on the non-metallic tanks were
completed in July of 2004,

The results from these test components (on the three test fuels} are presented in the following
ordet;

Stabilization at 105°F

Diurnal Measurements

Speciation of the Diurnal SHED Vapors

Reactivity Calculations

The Increase in Non-Ethanol Hydrocarbon with Fuel B

Steady-state Test Results - 105°F and 85°F

Estimate of Experimental Variation

Fill Level Comparison -- 100% vs. 20% Preconditioning on Fuel C
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Stabilization at 105°F - Figure 14 on the next two pages displays the stabilization results for all
three test fuels on all ten rigs. As a reminder, Fuel A is the MTBE blend, Fuel B is the ethanol

blend and Fuel C is the non-oxygenated blend
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Diurnal Measurements ~ Table 8 shows the average diurnal permeation results for the ten rigs
on the three test fuels after stabilization at 105°F. All values are the average of days 1 and 2,
and where multiple valid tests are available, all the data were used.

Table 8
Average Diurnal Values
Average Emissions - g/day
Rig Vehicle Tank Fuel A Fuel B Fuel C
1 2001 Toyota Tacoma 15.8 gal - Metal 0.24 0.76 0.22
2 2000 Honda QOdyssey 20.0 gal - Plastic 0.64 143 0.58
3 1999 Toyota Corolla 13.2 gal - Metal 0.29 1.37 0.33
4 1997 Chrysler Town & Country  20.0 gal - Plastic 0.63 2.25 1.13
5 1995 Ford Ranger 16.5 gal - Plastic 9.20 11.65 11.76
6 1993 Chevrolet Caprice Classic  23.0 gal - Plastic 4.55 4.89 3.55
7 1991 Honda Accord LX 17.0 gal - Metal 1.24 2.25 1.91
8 1989 Ford Taurus GL 16.0 gal - Metal 0.96 263 0.82
9 1985 Nissan Sentra 13.2 gal - Metal 1.96 4.67 1.77
10 1978 QOlds Cutlass Supreme 18.1 gal - Metal 1.92 3.74 2.44

Average  2.16 3.56 245

The behavior of Rig 5 on Fuel C is anomalous in that it is the only rig in which the permeation
emissions on Fuel C were similar to those on Fuel B. Exhaustive checks of Rig 5's fuel system
were performed, but no cause fot the anomalous behavior could be identified. The data were
considered valid and included in subsequent analyses.
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Piots of the diurnal permeation results are shown in Figure 15. The horizontal axis is the model
year of the test rigs. The vertical lines are the model year breaks for the deciles in the in-use
California fleet. The vertical scale is the test results measured in the SHED in grams per day.

Looking at the left most test results (1878 — Rig 10), the green bar represents the average
diurnal on Fuel A (1.92 g/day). The red bar is the representation of the Fuel B results (3.74
g/day). The blue bar is the Fuel C test results (2.44 g/day). Each rig is represented by a similar
set of three colored bars,
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Speciation Results (Diurnal) - Each rig was tested for at least two days using the California
diurnal test procedure, on each of the three test fuels. A sample of the enclosure’s ambient HC
concentration was collected from the VT-SHED at the start and the end of each day in a
Tedtar™ bag and later analyzed using a Varian™ chromatograph. The net mass change in the
enclosure was computed for each of the two diurnal days,

An example of the speciation results for Rig 1 — Fuel A, days 1 & 2 is shown in Table 9. The
complete speciation results are available on the companion CD ROM. Please note that the 48
hour results are the net cumulative increase for the two days. Results for day 2 can be
calculated by subtracting the 24 hour (day 1) mass from the 48 hour results {(day 1 + 2).
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Rig: 01a Table 9.
Test#: 5118 Speciation Results
Detailed Hydrocarbon Speciation Results I 24 Hour 48 Howr
Netmass Net conc. % total Netmass Net conc. %a total
Species Name CAS # () (ppmC) (mwg) (PpmC)| (mg) (ppmC)y (mg) (PpmC)
1 Methane 00074-82-8  0.549 0.014 0% 0% 1.618 0.044 0% 0%
2  Ethylene 00074-85-1 0.000 0.000 0% 0% 0.000 0.000 0% 0%
3  Acetylene (Iithyne) 00074-86-2  0.000 0.000 0% 0% 0.000 0.000 0% 0%
4  FEthane 00074-84-0 0,000 0.000 0% 0% 0.000 0.000 0% 0%
5  Propene 00115-07-1  0.000 0.000 0% 0% 0.000 0.000. 0% 0%
6  Propane _ 00074-98-6  0.000 0.000 0% 0% 1.396 0.043 0% 0%
7  Allene (Propadiene) 00463-49-0  0.000 0.000 0% 0% 0.000 0.000 0% 0%
8 Propyne 00074-99-7  0.000 0.000 0% 0% 0.000 0.000 0% 0%
9  2-Methylpropane 00075285  (0.694 0.022 0% 0% 1.382 0.043 0% 0%
10.1  2-Methylpropene 00115-11-7 0246 0.008 0% 0% 0418 0.013 0% 0%
102  1-Butene 00106-98-9  0.130 0.004 0% 0% 0.222 0.007 0% 0%
11 1,3-Butadiene 00106-99-0  0.000 0.000 0% 0% 0.000 0.000 0% 0%
12 n-Butane 00106-97-8  6.863 0.213 3% 3% 13.262 0412 3% 3%
13 2,2-Dimethylpropane 00463-82-1  0.000 0.000 %% 0% 0.000 0.000 0% 0%
14 t-2-Butene 00624-64-6  0.432 0.014 0% 0% 3.039 0.098 1% 1%
15 1-Butyne 00107-00-6  0.682 0.023 0% 0% 0.000 (.000 0% 0%
16 c2-Butene 00590-18-1  0.180 0.006 0% 0% 0.346 0.011 0% 0%
17  3-Methyl-1-butene 00563-45-1  0.639 0.021 0% 0% 1.746 0.056 0% 0%
18  2-Methylbutane (Isopentane) 00078-78-4 32,940 1.031 14% 14% 64.662 2024 14% 14%
19.1 1-Peniene 00109-67-1  0.217 0.007 0% 0% 0.870 0.029 0% 0%
19.2  2-Butyne 00503-17-3  0.000 0.000 0% 0% 0.000 0.000 0% 0%
20 2-Methyl-1-butene 00563-46-2  0.672 0.022 0% 0% 1.533 0.049 0% 0%
21  n-Pentane 00109-66-0  10.984 0.344 5% 5% 21.906 0.686 5% 5%
22 Z2-Methyl-1,3-butadiene 00078-79-5  0.000 0.000 0% 0% 0.131 0.004 0% 0%
23 t-2-Pentene 00646-04-8  1.558 0.050 1% 1% 3.084 0.099 1% 1%
24  3,3-Dimethyl-1-butene 00558-37-2  0.000 0.000 0% 0% 0.000 0.600 0% 0%
25  c-2-Pentene 00627-20-3  0.637 0.021 0% 0% 1.422 0.046 0% 0%
26  2-Methyl-2-butene 00513-35-9  2.808 0.090 1% 1% 5.560 0.179 1% 1%
27  Unknown#1 0.000 0.000 0% 0% 0.000 0.000 0% 0%
28  Cyclopentadicne 00542-92-7  0.000 0.000 0% 0% 0.000 0.000 0% 0%
29 2,2-Dimethylbutane 00075-83-2  1.189 0.038 0% 0% 2.400 0.075 % 1%
30 Cyclopentene 00142-29-0 0445 0.015 0% 0% 0.764 0.025 0% 0%
31.1 4-methyl-l-pentenc 00691372 0.000 0.000 0% 0% 0.329 0.011 0% 0%
312 3-methyl-1-pentene 00760-20-3  0.000 0.000 0% 0% 0.000 0.000 0% 0%
32  Cyclopentane 00287-92-3  0.000 0.000 0% 0% 0.000 0.000 0% 0%
33 MTBE 01634-04-4  33.333 0843 14% 11% 65.317 1.652 4% 11%
34 23-Dimethylbutane 00079-29-8  4.089 0.116 2% 2% 8.012 0.227 2% 2%
34.1 23dimethyl-1-butene 00563-78-0  Q.000 0.000 0% 0% 0.000 0.000 0% 0%
35  Unknown #2 0.000 0.000 0% 0% 0.000 0.000 ° 0% 0%
36.1 2-MePentane 00107-83-5 %176 0.289 4% 4% 17.942 0.565 4% 4%
362 4-Me-c-2-Pentene 00691-38-3  0.049 0.002 0% 0% 0.097 0.003 0% 0%
37  4-Methylt-2-pentene 00674-76-0  0.000 0.000 0% 0% 0.000 0.000 0% %%
38  3-Methylpentane 00096-14-0  5.285 0.166 2% 2% 10.294 0.324 2% 2%
39.1 2-Meihyl-1-pentene 0076329-1 0335 0.011 0% 0% 0.581 0.019 0% 0%
39.2 I-Hexene 00592-41-6  0.147 0.005 0% 0% 0.256 0.008 0% 0%
40  n-Hexane 00110-54-3  5.789 0.182 2% 2% 11.173 0.352 2% 2%
41.1  t-3-Hexene 13269-52-8  0.000 0.000 0% 0% 0.000 0.000 0% 0%
41.2  ¢-3-Hexene 07642-09-3  0.000 0.000 0% 0% 0.000 0.000 0% 0%
42  t-2-Hexene ' 04050-45-7  0.465 0,015 0% 0% 0.739 0.024 0% 0%
43  3-Methylt-2-pentene 00616-12-6  0.552 0.018 0% 0% 0.892 0.029 0% 0%
44  2-Methyl-2-pentene 00625-27-4  (.585 0.019 0% 0% 0.783 0.025 0% 0%
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Rig: 01a Table 9 (cont).
Test#: 5118 Speciation Results
Detailed Hydrocarbon Speciation Results i 24 Hour 48 Hour
' Net mass Net cone. %a total Net mass Net cone. Yo total
Species Name CAS # {mg) (opmC) (mg) (ppmC)| (mg) m (mg) (ppmC)
45.1 c¢-2-Hexene 07688-21-3 0232 0.008 0% 0% 0314 0011 0% 0%
452 3-MeCyclopentene 01120-62-3 0122 0.004 0% 0% 0.166 0.005 0% 0%
46  ETBE 00637923 0.000 0.000 0% 0% 0.000 0.000 0% 0%
47  3-Methyl-c-2-pentene 00922-623  0.695 0.022 0% 0% 0.976 0.031 0% 0%
48  2,2-Dimethylpentane 00590-352 0457 0.014 137 0% 0.436 0.015 0% 6%
49  Methylcyclopentane ' 00096-37-7  5.738 0.183 2% 2% 10.877 0.350 2% 2%
50 24-Dimethylpentane 00108-08-7  1.321 0.042 1% 1% 2,379 0.075 1% 1%
51 2,23-Tdmethylbutane 00464.06-2  0.408 0.013 0% 0% 0.454 0.014 0% 0%
52  1-Methyleyclopentene 00693-89-0  0.239 0.008 0% 0% 0.229 0.008 0% 0%
53 Benzene 00071-43-2 6424 0.223 3% 3% 11.928 0414 3% 3%
54 3,3-Dimethylpentans 00562-49-2 0,232 0.007 0% 0% 0.303 0.010 0% 0%
55 3-Me-1-Hexcne 03404-61-3 0269 0.00% 0% 0% 0.314 0.010 0% 0%
56  Cyclohexane 00110-82-7  2.459 0.079 1% 1% 4,606 0.148 1% 1%
57  2-Methylhexane 00591-76-4  2.488 0.078 1% 1% 4.567 0.144 1% 1%
58  2,3-Dimethylpentane 00563-59-3 -~ 1.456 0.046 1% 1% 2.694 0.085 1% 1%
59.1 Cyclohexene 00110-83-8  0.000 0.000 0% 0% 0.000 0.000 0% 0%
592  3-Methyhexane 00589-34-4 2495 0.079 1% 1% 4793 0.151 1% 1%
60  Unknown #3 0.196 0.006 0% 0% 0.390 0.013 0% 0%
61  c-1,3-Dimethylcyclopentane 02532-58-3  0.813 0.026 0% 0% 1.620 0.052 0% 0%
62  t-1,2-Dimethylcyclopentane 00822-50-4  1.140 0.037 0% 0% 2.110 0.068 0% %
63 224 TriMePentane (IsoOctane) 00540-84-1  3.976 0.126 2% 2% 7.534 0.238 2% 2%
64 1-Heptene 00592-76-7  0.000 0.660 0% 0% 0254  0.008 0% 0%
65 1-3-Heptene 14686-14-7  0.000 0.000 0% 0% 0.231 0.007 0% 0%
66 n-Heptane 00142-82-5  1.771 0.056 1% 1% 3317 0.105 1% 1%
67.1 2-Methyl-2-Hexene 02738-19-4  0.395 0.013 0% 0% 0.982 0.032 0% 0%
672 c¢-3-Heptens 07642-10-6  0.000 0.000 0% 0% 0.000 0.000 0% 0%
68.1 3-Me--3-Hexene 03899-36-3  0.000 0.000 0% 0% 0.000 0.000 0% 0%
682 t-2-Heptene 14086-13-6 0.000 0.000 0% 0% 0.000 0.000 0% 0%
69  3-Ethyl-c-2-Pentene 00816-79-5  Q.000 0.000 0% 0% 0.531 0.017 0% 0%
70.1  244Tranethyllpentene 00107-39-1  0.000 0.600 0% 0% 0.000 0.000 0% 0%
702 23-diMe-2-pentene 10574-37-5  0.151 0.005 0% 0% 0.394 0.013 0% 0%
71 c-2-Heptene 06443-92-1 0244 0.008 0% 0% 1.033 0.033 0% 0%
72 Unkunown #4 0.000 0.000 0% 0% 0.000 0.000 0% 0%
73 22-DiMeHexanc 00590-73-8  0.000 0.000 0% 0% 0.000 0.000 0% 0%
74 Methyleyclohexane 00108-87-2  1.614 0.052 1% 1% 4.048 0.130 1% 1%
75 244-Trimethyl-2-Pentene ' 00107-40-4  0.207 0.007 0% 0% 0.204 0.007 0% 0%
76.1  2,5-DiMeHexane 00592-13-2 0208 0.007 0% 0% 0.565 0.019 0% 0%
762 EtCyPentarie 01640-89-7  0.200 0.00¢6 0% 0% 0.542 0.016 0% 0%
77 24-Dimethylhexane 00589-43-5  1.093 0.035 0% 0% 2.166 0.069 0% 0%
78  3,3-Dimethylhexane 00563-16-6 0300 0.009 0% 0% 0.673 0.021 0% 0%
79 2,34-Trimethylpentane 00565-75-3 1.140 0.036 0% 0% 2.312 0.073 0% 0%
80  2,3,3-Trimethylpentane 00560-21-4  0.000 0.000 0% %% 0.000 0.000 0% 0%
81 Toluene 00108-88-3  47.503 1.630 20% 21% 91.075 3.125 19%  21%
82.1 23-dimethylhexane 00584-94-1  0.000 0.000 0% 0% 0.000 0.000 0% 0%
822 2-Me-3-Et-pentane 00609-26-7 0481 0.015 ¥ 0% 0.680 0.022 0% 0%
83 2-Methylheptane 00592278 0.737 0.023 0% 0% 1.130 0.03¢ 0% 0%
24.1 1-MeCyHexene 00391-49-1  0.000 0.000 0% 0% 0.000 0.000 0% 0%
84.2 4-MeHeptane 00589-53-7 0.411 0.013 0% 0% 0.522 0.017 0% %
85  Unknown #5 0.000 0.000 0% 0% 0.238 0.008 0% 0%
86  3-Moethylheptane 00589-81-1 0.554 0018 0% 0% 1256 0.040 0% 0%
87 1c-2i-3-TriMeCyPentane 15890-40-1 0.000 0.000 0% 0% 0.000 0.000 0% 0%
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Rig: 0la Table 9 (cont).
Test#: 5118 Speciation Resulis
Detatled Hydroearbon Speciation Results L 24 Hour 48 Hour
Netmass Net conc. % total Netmass Net conc., %6 tatal
. Species Name CAS # {mg) (opmC) (mg) (ppmC)| (mg) pmC)  (mg) (ppmC)
88  c-1,3-Dimethyleyclohexane 00638-04-0  0.452 0.015 0% 0% 0.729 0.023 0% 0%
89  t-l14-Dimethyleyclohexans 02207-04-7  0.000 0.000 0% 0% 0297 0.010 0% 0%
90 2,2 5-Tomethylhexane 03522-94-9  0.547 0.0617 0% 0% 0.720G 0.023 % (%
91 1-Octens 00111-66-0  0.000 0.000 0% 0% 0.060 0.000 % 0%
92 1,1-Dimethyleyclohexane 00590-66-9  0.283 0008 0% 0% 0423 0.014 0% 0%
93 Unknown #6 . 0.114 0004 0% 0% 0310 0.010 e 0%
94  t-4-Octene 14850-23-8  0.000 0.000 0% 0% 0216 0.007 0% 0%
95  Unknown #7 0.000 0.000 0% 0% 0.000 0.000 0% 0%
96 n-Octane 00111-65-9  0.391 0.012 0% 0% 0.942 0.030 0% 0%
97.1 t-2-Octene 13389-42-9  0.000 0.000 0% 0% 0.000 0.000 0% 0%
972 t-1,2-DiMeCyHexane 06876-23-9  0.000 0.000 0% 0% 0.000 0.000 0% 0%
98.1 13 02207-03-6  (.381 0.012 0% 0% 0.591 0.019 0% 0%
982 c¢-14-DiMeCyHexane 00624-28-3  0.600 0.000 0% 0% 0.006 0.000 0%% 0%
99  ¢2-Octene 07642-04-8  0.000 0.000 0% 0% 0.000 0.000 0% 0%
100 2,3,5-Trimethylhexane 01069-53-0  0.301 0.010 0% 0% 0.561 0.018 0% 0%
101 2 4-Dimethylheptane 02213-232  0.192 0.006 0% 0% 0.192 0.00G 0% 0%
102 Unknown #8 0150 0.005 0% 0% 0.124 0.004 0% 0%
103 ¢-1,2-Dimethylcyclohexane 02207-014  0.000 0.000 D% 0% 0.000 0.000 0% 0%
104 Ethylcyclohexane 01678-91-7  0.719 0.023 0% 0% 0.892 0.029 0% 0%
105  3,5-Dimethylheptane 00926-82-9  0.000 0.000 0% 0% 0.000 0.000 0% 0%
106  Unknown #9 0.000 0.000 0% 0% 0.183 0.006 0% 0%
107 Unkoown #10 G.G00 0.000 0% 0% (327 0.011 0% 0%
108 Unknown #11 0.000 0.000 0% 0% 0.000 0.000 0% 0%
109 Ethylbenzene 00100414  3.575 0.122 1% 2% 6.813 0.232 1% 2%
110.1 2,3-DiMeHeptane 03074-71-3  0.000 0.000 0% 0% 0.000 0.000 0% 0%
1102 2-MeOctane 03221-61-2  0.000 0.000 0% 0% (.000 0.000 0% 0%
111.1 mXylene 00108-38-3 11.739 0.399 5% 5% 22337 0.759 5% 5%
111.2 p-Xylene 00106-42-3  3.600 0.123 1% 2% 6.850 0.234 1% 2%
112  4Methyloctane 02216-34-4  0.542 0.017 0% % 0.622 0.020 0% 0%
113 3-Methyloctane 02216-33-3  0.310 0.010 0% 0% 0.311 0.010 0% 0%
114 Unknown #12 0.000 0.000 0% 0% 0.600 0.000 0% 0%
115 Styrene 00100-42-5  0.061 0.002 0% 0% 0209 0.007 0% 0%
116 Unknown #13 0.000 G000 0% 0% 0.000 0.000 0% 0%
117  ortho-Xylene 00095-47-6  1.690 0.057 1% 1% 3.821 0.130 1% 1%
118 1-Nonene 00124-11-8  0.000 0.060 0% 0% 0.000 0.000 0% 0%
119  c¢- & t-4-Nonene 02198-23-4  0.000 0.000 0% 0% 0.000 0.000 0% 0%
120 n-Nonane 00111-84-2  0.000 0.000 0% 0% 0.000 0.000 0% 0%
121  t-2-Nonene 06434-78-2 . 0.000 0.000 0% 0% 0.000 0.000 0% 0%
122 Isopropylbenzene {Cumene) 00098-82-8  0.000 0.000 0% 0% 0.228 0.008 0% 0%
123 2,2-Dimethyloctane 15869-87-1  0.000 0.000 0% 0% 0.000 0.000 0% 0%
124 Unknown #14 ' 0.000 0.000 0% 0% 0.000 0.000 0% 0%
125.1 24-DiMeQctane 04032-94-4  0.000 0.000 0% 0% 0.000 0.000 0% 0%
1252 AlBenz 00300-57-2  0.000 0.000 0% 0% 0.000 0.000 0% 0%
1253 MCytezxane 01678-92-8  0.000 0.000 0% 0% (.000 0.000 0% 0%
126  Unknown #15 _ 0.000 0.000 0% 0% 0.000 6000 0% 4%
127 n-Propylbenzene 00103-65-1 0.534 0.018 0% 0% 1.083 0.037 0% 0%
128 1-Methyl-3-Ethylbenzene 00620-14-4 1.853 0.063 1% 1% 3.304 0.112 1% 1%
129  1-Meihyl-4-Fthylhenzene 00622-96-8  0.908 0.031 0% 0% 1.518 0.051 0% 0%
130 1,3,5-Trimethylbenzene 00108-67-8 1.144 0.039 0% 1% 1.333 0.045 0% 0%
131  Unknown #16 0.000 0.000 0% 0% 0.000 (.000 0% 0%
132 Unknown #17 0.000 ~ 0.000 0% 0% 0.000 0.000 0% 0%
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Rig: 0la Table 9 (cont).

Testd#: 5118 Speciation Resuits

Detailed Hydrocarbon Speciation Results I 24 Hour 48 Hour
Net mass Net cone, % total Net mass Netcone. % total
Species Name CAS # {mg) (ppmC) (mg) (ppmC)] (mg) (rpmC) (mg) (ppmC)

133 1-Ethyl-2-Methylbenzene 00611-14-3  0.513 0.017 0% 0% 1.150 -0.039 0% 0%
134 3-Methylnonane 0.000 0.000 0% 0% 0.000 0.000 0% 0%

1351 1,24-TriMeBenz 00095-63-6  0.000 0.000 0% 0% 0.000 0.000 0% 0%

1352 t-Butylbenzene 00098-06-6  0.000 0.000 0% 0% 0.000 0.000 0% 0%
136 n-Decane 00124-18-5  0.000 0.000 0% 0% 0.000 0000 0% 0%
137 Tsobutylbenzene " 00538932 0.000 0.000 0% 0% 0.000 0000 0% 0%
138  sec-Butylbenzene 00135-98-8  0.600 0.000 0% 0% 0.000 0.000 0% 0%
139  I-Methyl-4-Isobutylbenzene 05161-04-6  0.622 0.021 0% 0% 0.000 0.000 0% 0%
140  1,2,3-Trimethylbenzene 00526-73-8  0.000 0.000 0% 0% 0.842 0.028 0% 0%
141  4-Xsopropyliolene (p-Cymene) 00099-87-6  0.000 0.006 0% 0% 0.000 0.000 0% %
142  Indan - 00496-11-7  0.403 0014 0% 0% 0.847 0029 (% 0%
143 1,3-Diethylbenzene 00141-93-5  0.278 0.009 0% 0% 0.000 0.000 0% 0%
144 1-Methyl-3-Propylbenzene 01074-43-7  0.000 0.000 0% 0% 0.471 0.016 0% 0%
145 14-Diethylbenzene 00105-05-5 0449 0.015 0% 0% 0.664 0.022 0% 0%
146  1,2-Diethylbenzene 00135-01-3  0.000 0.000 0% 0% 0.000 0.000 0% 0%
147 n-Butylbenzene 00104-51-8  0.000 0.000 0% 0% 0.000 0.000 0% 0%
148  1-Methyl-2-Propylbenzene 01074-17-5  0.000 0.000 0% 0% 0.000 0.000 0% 0%

149  1,4-Dimethyl-2-Ethylbenzene 01758-88-9  0.000 0.000 0% 0% 0.292 0.010 0% 0%
150  1,3-Dimethyl-4-Ethylbenzene 00874-41-9  0.600 0.000 0% 0% 0.267 0.009 0% 0%
151 1,2-Dimethyl-4-Ethylbenzene 00934-80-5  {.190 (.006 0% 0% 0.195 0.007 0% 0%
152 1,3-Dimethyl-2-Ethylbenzene 02870-04-4  G.000 0.000 0% 0% 0.000 0.000 0% 0%

153  1-Undecene 00821-95-4  0.000 0.000 0% 0% 0.000 0.000 0% 0%
154 n-Undecane 0il120-21-4  ©.000 0.000 0% 0% | 0.000 0.000 0% 0%
155 Unknown #18 0.000 0.000 0% 0% 0.000 0.060 0% 0%
156 TUnknown #19 0.000 0.000 0% 0% 0.000 0.000 0% 0%

157  1,2,4,5-Tetramethylbenzene 00095932  0.000 0.000 0% 0% 0.000 0.000 o 0%
158  1,2,3,5-Tetramethylbenzene 00527-53-7  0.000 0.060 0% 0% 0.000 0.000 0% 0%

159 Unknown #20 0.000 0.600 0% 0% 0.000 0.000 0% 0%
160 Unimown #21 0.000 0.000 %% 0% 0.000 0.000 0% 0%
161 Meihylindan 27133-93-3  0.000 0.000 0% 0% 0.000 0.000 0% 0%
162  1,3-Diisopropylbenzene 00099-62-7  0.000 0.000 0% 0% 0.000 0.000 0% %%
163.1 1,23.4-TetMeBenzene 00488-23-3  0.000 0.000 0% 0% 0.000 0.000 0% 0%
163.2 Amylbenz 00538-68-1  0.000 0.000 0% 0% 0.000 0.000 0% 0%
164 Unknown #22 . 0.000 0.000 0% 0% 0.000 0.000 0% 0%
165 - Unknown #23 ~ 0.000 0.000 0% 0% 0.000 0.000 0% 0%
166 14-Diilsopropylbenzene 00100-18-5  0.000 0.000 0% 0% 0.000 0.000 0% 0%
167 Unknown #24 6.000 0.000 0% 0% 0.000 0.000 0% 0%
168 Naphthalene 00091-20-3  0.000 0.000 0% 0% 0.000 0.000 0% 0%
169 1-Dodecene 00112-41-4  0.000 0.000 0% 0% 0.000 0.000 0% 0%
170  Unknown #25 €.000 0.000 0% 0% 0.000 0.000 0% 0%
171 Unknown #26 . 0.000 0.000 0% 0% 0.000 0.000 0% 0%
172 n-Dodecane 00112-40-3  0.000 0.000 0% 0% 0.000 0.000 0% 0%
Fthanol 00064-17-5  0.000 0.000 0% 0% 0.000 0.000 0% 0%

Total 241.803 7.624  100% 100% | 470.738  14.834 100% 100%

482.047 SHED FID (mg)
97.654 % GC of SHED]
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Specific Reactivity Calculations - The Carter Maximum Incremental Reactivity (MiR) scale for
the various YOC molecules has been adopted by the CARB. [t estimates that for each gram of
the various VOC molecules, X grams of ozone would be produced under ideal conditions for
ozone formation. The reference (approved by the CARB Staff for this purpose) to the values
and the documentation is “THE SAPRC-99 CHEMICAL MECHANISM AND UPDATED VOC

REACTWVITY SCALES” which can be found at;

http://helium.uer.edu/~carter/reactdat.htm

The link to the actual data is found down two thirds of the page, under the heading VOC
Reactivity Data (Exce! format) as of February 5, 2003 (r02tab.xls). Appendix F (pgs 67-77) is a
tabulation of MIR values taken from this Excel™ file. It contains CAS number, MIR value and

species name for 543 different species.

We caiculated the average specific reactivity of the permeate for each of the tests, on sach of
the rigs, and on each of the three fuels. Speciated data were collected and potential ozone
reactivity was calculated for 92 tests, and are contained in the companion CD-ROM for the CRC
E&5 project as “Individual Reactivity File Calgulations —~ 3 Fuels.xls”

VOC reactivity varies with atmospheric conditions, in particular the VOC/NOx ratio. The MIR
scale is based on low VOC/NOx ratios. The reactivity measure reported in this study, average
VOC specific reactivity, has units of potential grams of ozone per gram of VOC and is a function
of the composition of the VOC permeate. Specific reactivity provides an estimate of the ozone-
forming potential per unit mass of the VOC permeate under conditions favorable for ozone
formation, but it is not meant to predict actual levels of ozone and should be interpreted on a
relative basis. Further, there are uncertainties in these reactivity estimates, e.g., the MIR scale
represents a limited range of atmosphetic conditions, does not include carryover of emissions.
from one day to the next, and does not include three-dimensional spatial variation in emissions.

An abbreviated example of the specific reactivity calculations for Rig 1 — Day 1 on Fuel A is
shown in Table 10. The left-most column is the elution number, followed by the Species Name,
then the CAS Number®. The next column is the mass emissions for that compound. The listing
has been reordered with the fargest mass at the top of the list, then in decreasing order down to

the lowesi detected levels.

The fifth column is the MIR factor for that molecule. The mass emissions times the MIR gives
the theoretical potential ozone that would be formed by that mass under ideal conditions,
reported in the 8" or last column. We performed this calculation on all the identified molecules
that had MIR factors. Not all the molecules measured had MIR factors. They were assumed to
have the same reactivity as the average of the identified compounds with MIR factors. The
mass of the compounds for which no MIR factors existed was determined to be insignificant. -

8 The CAS number is the Chemical Abstract Service registry number assigned to each specific molecule,
CAS registry numbers are copyrighted by the American Chemical Society. Redistribution rights for CAS
registry numbers are reserved by the American Chemical Society. “CAS registry” is a registered
trademark of the American Chemical Society. The CAS REGISTRY mostly covers substances identified
from the scientific literature from 1957 to the present with some classes (fluorine- and silicon-containing
compounds) going back to the early 1900s. Each substance in REGISTRY is identified by a unique
numeric identifier called a CAS Registry Number,
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The specific reactivity for a speciated SHED diurnal sample was calculated by summing the
mass of the individual species, and the predicted potential ozone using the MIR factor. The
specific reactivity is the mass of ozone predicted divided by the mass.of the hydrocarbons
measured, in our example, 713.9 mg/233.9 mg, or 3.05 g potential Os/g VOC emissions.

81
33
18
111
21
36
12
53
40
49
38
34

63
111
109

19
76
75
76
101
16
39
10
115

Species Name
Toluene

MTBE

2-Methylbutane (Isopentane)

m-Xylene
n-Pentane
2-MePentane
n-Butane

Benzene

n-Hexane
Methyleyclopentane
3-Methylpentane
2,3-Dimethylbutane
2,2 4-TriMePentane
{IsoOctane)
p-Xylene
Ethylbenzene

1-Pentene
2,5-DiMeHexane

2,4,4-Trimethyl-2-Pentene

EtCyPentane
2,4-Dimethylheptane
c-2-Butene
1-Hexene

1-Butene

Styrene

Table 10
Reactivity Calculation Example
voc

CAS # {mg)

00108-88-3 47.503
01634-04-4 33.333
00078-78-4 32.940
00108-38-3 11.739
00109-66-0 10.984
00107-83-5 9.176
00106-97-8 5.863
0007 1-43-2 6.424
00110-54-3 5.789
00096-37-7 5.738
00096-14-0 5.285
00079-29-8 4.089
00540-84-1 3.976
00106-42-3 3.600
00100-41-4 3.575
00109-67-1 0.217
00592-13-2 0.208
00107-40-4 0.207
01640-89-7 0.200
02213-23-2 0.192
00580-18-1 0.180
00592-41-6 0.147
00106-98-9 0.130
00100-42-5 0.061

"MIR

3.97
0.78
1.67
10.61
1.63
1.78
1.32
0.81
1.43
240
2.06
1.13

1.43
4.24
2.79

71.73
1.66
8.52
225
1.46
13.22
8.12
10.22
1.94

0,
(mg,
188.59
26.00
55.1
124.55
16.81
16.33
9.06
5.20
8.28
13.77
10.89
4.62

5.69
15.26
9.97

1.68
0.35
1.77
0.45
0.28
2.38
0.90
1.33
0.12

| Specific Reactivity

3.05

The average specific reactivity (grams of potential ozone/gram of VOC) of the permeate by test
fuel type was calculated by averaging the daily values for each of the available tests on each
fuel. Table 11 shows the values used for Fuel A.
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The first column in Table 11 is the fuel identifier, second is the Test 1D (Rig number and the day
of the test). The 3™ column, SHED VOC, is the value reported by the SHED test system for the
mass (mg) in the SHED (including the EtOH if present). The 4™ column is the total mass (mg)
reported from the speciation results. The first row of data in the table shows 253 mg reported
by the SHED, and 242 mg reported from the speciation — obviously good agreement for two
separate analytical techniques. Other comparisons are not as good — "Rig 5 Day 1" differs by
more than 500 mg (5%), but is still deemed within laboratory capability.

The 8" column is the mass of the speciated sample that had an assigned MIR factor. The
chromatograph identifies VOC species for which there is no MIR factor in the documentation.
The mass of the compounds for which no MIR factors existed was determined to be
insignificant. It is assumed that this mass had the same average reactivity as the mass for which

MIR factors exist.

Twenty tests were available for averaging for Fuel A permeate in Table 11 below. The average
Fuel A reactivity of the permeate was 3.47. .

Table 11
Average Specific Reactivity of Permeate for Fuel A
4 Speciated
SHED Speciated Mass with
VOC Total Mass MIR Factors
Fuel TestID mg mg mg Reactivity
A Rig 1 Day1 253 242 234 3.05
Rig1Day2 229 229 222 3.12
Rig 2 Day 1 655 675 649 3.49
Rig 2 Day 2 620 602 585 3.3
Rig 3 Day 1 204 299 290 3.15
Rig 3 Day 2 283 275 269 297
Rig 4 Day 1 647 649 633 - 3.24
Rig 4 Day 2 606 640 620 3.30
Rig5Day1 9688 9158 8568 3.68
RigsDay2 8720 8432 8294 3.77
Rig6Day1 5358 5081 4872 3.63
Rig6Day2 3750 3276 3138 3.65
Rig7 Day1 1310 1311 1267 3.66
Rig7Day2 1086 1100 1072 3.60
Rig 8 Day 1 950 1242 1221 3.50
Rig 8 Day 2 968 677 644 3.96
Rig 9 Day 1 1964 1923 1846 3.68
Rig 9 Day2 1964 2016 1932 3.60
Rig10Day1 1956 1264 1214 3.51
Rig 10 Day2 1880 1891 1817 3.44

Average Fuel A Permeate Specific Reactivity 3.47
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The values used to calculate the average specific reactivity of the permeate for Fuels B and C

are presented in Tables 12 and 13.

Fuel

Average Specific Reactivity of Permeate for Fuel B

Test 1D
Rig 1 Day 1

" Rig1Day?2

Rig 2 Day 1
Rig 2 Day 2
Rig 3 Day 1
Rig 3 Day 2
Rig 4 Day 1
Rig 4 Day 2
Rig 5 Day 1
Rig 5 Day 2
Rig 6 Day 1
Rig 6 Day 2
Rig 7 Day 1
Rig 7 Day 2
Rig 8 Day 1
Rig 8 Day 2
Rig 9 Day 1
Rig 9 Day 2
Rig 10 Day 1
Rig 10 Day 2

Average Fuel B Permeate Specific Reactivity

Table 12

SHED
VOC
mg
1113
952
1527
1337
1508
1228
2306
2192
12517
10778
5080
4706
2418
2089
2939
2312
4796
4553
3846
3616

Speclated
Total Mass
mg
1112
878
1503
1308
1477
1185
2024
2230
12671
11217
5114
4955
2377
2055
2781
2178
4713
4451
3825
3462

Speciated
Mass with
MIR
Faciors
mg
1089
871
1483
1282
1443
1160
1977
2206
12156
10894
4955
4803
2313
1997
2739
2130
4482
4410
3704
3395

Reactivity
2.80
2.78
3.28
3.25
3.12
.45
2.73
2.79
3.84
3.67
3.75
3.71
3.67
3.42
2.89
2.86
3.33
3.59
3.37
3.47

3.27
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Fuel

C

Averagé Specific Reactivity of Permeate for Fuel C

Test 1D

Rig 1 Day 1
Rig 1 Day 2
Rig 2 Day 1
Rig 2 Day 2
Rig 3 Day 1
Rig 3 Day 2
Rig 4 Day 1
Rig 4 Day 2
Rig 5 Day 1
Rig 5 Day 2
Rig 6 Day 1
‘Rig 6 Day 2
Rig 7 Day 1
Rig 7 Day 2
Rig 8 Day 1
Rig 8 Day 2
Rig 9 Day 1
Rig 9 Day 2
Rig 10 Day 1
Rig 10 Day 2

Table 13

SHED vOC
mg

253
194
585
571
341
319
1225
1038
12418
10597
4269
3161
2157
1668
902
748
1839
1709
2382
2222

Spediated
Total Mass
mg

242
144
970
555
359
306
1140
886
12211
10677
3878
3239
2119
1638
864
785
1795
1652
2309
2084

Speciated
Mass with
MIR
Factors
mg

235
139
555
538
344
304
1109
858
77
10366
3737
3116
2073
1623
844
760
1743
1604
2236
2020

Average Fuel C Permeate Specific

Reactivity

Reactivity

3.84
3.26
3.64
3.58
3.46
3.38
3.40
340
3.84
3.84
3.90
3.93
3.38
3.58
415
4.10
3.93
3.91
3.63
3.57

3.66
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Analysis of the above data for all three fuels indicates that there is not a significant difference
hetween the Day 1 and Day 2 results. Given that the Day 2 results are repeats of the Day 1
measurements (as opposed to replicates), the Day 1 and Day 2 results were averaged for
further analysis (note that this does not affect the averages by fuel). The data were then fit to
the model Reactivity = Fuel + Rig + constant. The average reaciivities and the half difference
limit based on the Tukey® multiple comparisons test with 95% confidence for the three test fuels
are shown in Table 14;

Table 14
Permeate Specific Reactivity
Average Reactivity 95% C.L.
Fuel A 3.47 +0.107
Fuel B 3.27 +0.102
Fuel C 3.66 +0.0753

A plot of the average permeate specific reactivity values and a representation of the Tukey test
interval, using an expanded vertical scale, is shown in Figure 16.

Specific Reactivity of Permeate - Average & 95% C.L.

39

a7} ‘ E

n=46
3.5

e
ta

n=20

Specific Reactivity
od

n=22

29 1

27 T

25
Fuel A Fuel B Fuel C

Figure 16

%W, Tukey, "Comparing Individual Means in the Analysis of Variance," Biometrics, 5, 99, 1949

The Tukey iest is used here to account for the fact that we have more than two test fuels. For two fuels,
the Tukey test is Just the ordinary Student's t-fest. The half least significant difference values are used to
construct the confidence intervals, which enable us to delermine whether the differences we measure
between the three test fuels are statistically significant.
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The Increase in Non-Ethanol Hydrocarbons with Fuel B — When the first results were
accumulated on Fuel B (ethanol), it was observed that not only were the total permeation results
higher than Fuel A (MTBE), but the non-ethanol hydrocarbons were also increased. This trend
continued throughout the steady-state tests, with only one exception, and is shown in Figure 17.
The exception was the Fuel C result on the 1995 MY (Rig 5). The middle bar of @ach group is
the result from Fuel B. The bar is segmented info two components, the non-athanol contribution
in the lower red bar, and the ethanol component stacked on top in a pink color. The total height
of the har is the total permeation emissions as previousiy reported.
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A similar increase was also observed in the results from the diurnal testing. Figure 18 is a
similar piof, but showing diurnal test results instead of the steady-state measurements. Three

exceptions to the general observation were noted:

1. The 1991 Honda Accord (Rig 7) — The Fue!l C diumal results were higher than the

Fuel B non-ethanol hydrocarbons.
2. The 1993 Chevrolet Caprice (Rig 6) — The Fuel A diurnal resuits were higher than

the Fuel B non-ethanol hydrocarbons.
3. The 1995 Ford Ranger (Rlg 5) — The Fuel C diurnal results were higher than the Fuel

B non-ethanol hydrocarbons, or the tofal of the non-ethanai and ethanol emissions.
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The general understanding is that permeation emissions increase when ethanol is added to
gasoline. However there was little anticipation that the non-ethanol fraction would increasa. At
this time, there is no explanation for the cause of this observation. Two collections of
references on the subject of gasoline permeation are included in the Companion CD-ROM: 1i-
Literature Search Summary — Task 1 —Final.pdf” by Harold Haskew, and 2- "RFA’s Literature

Search — permeation study.pdf” by Robert Reynolds.
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Steady-State Test Results - 105°F and_85°F - The original test plan requirement was to

measure the steady-state permeation rate at 85°F, after the rig was deemed to be stabilized at

1G5°F. The interest in the lower temperature rate was driven by a paosition taken in a SAE

paper, SAE 2001-01-0730, “Estimating Real Time Diurnal Permeation from Constant

Temperature Measurements” by Marek Lockhart, ef al. The authors suggested that real-time

diurnal permeation test results can be estimated from constant temperature measurements. Our

measuraments add additional basis and support to the above position.

The permeation rates (in milligrams per hour) maasured during the program are presented in
Table 15.

Table 15
Permeation Rates

85° F Rate ~ mg/hr

105° F Rate - mg/hr

Rlg | Dascription Fuel A { FuelB | Fuel C | FuetA | FuelB | FuelC
1 1 2001 Toyota Tacoma 9 32 10 20 58 19
2 | 2000 Honda Odyssey 21 - 53 19 55 123 44
3 | 1999 Toyota Corolla 10 57 11 24 133 31
4 | 1997 Chrysler Town & Country 23 66 40 52 155 72
5 {1995 Ford Ranger ‘ 309 342 348 677 800 801
6 | 1993 Chewvrolet Caprice Classic 85 137 94 255 463 298
7 | 1991 Honda Acgord LX 40 100 39 110 217 88
8 | 1989 Ford Taurus GL 24 73 28 52 160 55

ti 1985 Nissan Sentra 53 | 177 73 148 333 143

10 | 1878 Oids Cutiass Supreme 57 139 73 122 257 144

Average | 64 118 73 152 270 170

85° F Rate - l'f multiple tests were run, the average is shown.
105° F Rate - Rate shown Is the average of the last four fests run.

53




E65 Final Report - Fuel Permeation from Automotive Svstéms

The ratios of the 85°F test results to the 105°F results are shown in Table 16.

Table 16
85°F to 105°F Ratio
: 85°105° Ratio
Rig Description FuelA  FuelB FuelC
1 2001 Toyota Tacoma 0.46 0.54 0.50
2 2000 Honda Odyssey (.39 0.43 0.43
3 1929 Toyota Corolla 0.43 0.43 0.37
4 1997 Chrysler Town & Country 0.45 0.43 0.55
5 1995 Ford Ranger 0.46 0.43 0.43
6 1993 Chevrolet Caprice Classic  0.37 0.30 0.32
7 1991 Honda Accord LX 0.36 0.46 0.44
8 1989 Ford Taurus GL 0.45 0.48 0.51
9 1985 Nissan Sentra (.36 0.53 0.51
10 1978 Olds Cutlass Supreme 0.47 0.54 0.51
Average  0.42 0.46 0.46

The relationship between the 85°F and the 105°F permeation measurements on Fuel A (as an
example) is shown In Figure 19. The horizontal scale is the hourly permeation rate averaged for
the last 4 weekly tests at 105°F. The vertical scale is the 85°F rate.
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Figure 19

The balloon points to the upper of the two frend [ines, which follows the relationship that
permeation doubltes for each 10°C increase; the rate of 85°F being 46% of the rate of 105°F.
The iower line is the slope of the regression line fitted to the data. The data seem to follow the

relationship well.
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Since Rig 5 had emissions that were much higher than the rest of the fieet, we Investigated
whether it had a major influence on the relationship by recaiculating the regression with the Rig
5 data omitted. Figure 20 shows the data and regression lines with and without Rig 5. The
slape of the lines are similar for all three fuels with and without the Rig 5 data included.
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We also defermined that the ratio between diurnal emissions and steady-state emissions was
This relationship was also mentioned in SAE paper, SAE 2001-01-0730,
“Estimating Real Time Diurnal Permeation from Constant Temperature Measurements” by
Marek Lockhart, et al. Figure 21 plots the diurnal and 105°F steady-state emissions. The ratio

fairly consistent.

for the three fuels was 14.1.
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Estimate of Experimental Variation — After completion of the base program, replicate testing
was performed on Fuel C to estimate the “repeatability” of the diurnal test results. This resulted
in 9 pairs of “repeats” for Day 1 and Day 2. The repeatability data are presented in Table 17.

_ Table 17
Replicate Diurnal Test Results — Fuel C

Rig 01C Day 1 Day 2
Original Test Measurement (g/day) 0.278 0.174
Replicate 0.226 0.214
Rig 02C Day 1 Day 2
Original Test Measurement (g/day) 0.593 0.583
Replicate 0.598 0.559
Rig 03C . Day 1 Day 2
Original Test Measurement (g/day) 0.340 0.310
Replicate 0.342 0.328
Rig 04C Day 1 Day 2
Original Test Measurement (g/day) 1.109 1.004
Replicate 1.341 1.071
Rig 05C Day 1 Day 2
Original Test Measurement (g/day) 13.571 11.268
Replicate 11.952 10.207
Rig 06C Day 1 Day 2
Original Test Measurement (g/day) 3.568 2.979
Replicate 4.697 2.947
Rig 07C Day 1 Day 2
Original Test Measurement (g/day) 2.230 1.712
Replicate 2.084 1.623
Rig 09C Day 1 Day 2
Original Test Measurement (g/day) 1.874 1.697
Replicate 1.803 1.721
Rig 10C Day 1 Day 2
Original Test Measurement (g/day) 2.809 2.832
Replicate 2.288 1.820

Rig 8 was not included in the replicate test program. The ~6 month time interval between when
Rig 8 completed the Base Program and initiation of the Replicate Program was thought to be
too long for the results to be acceptable.
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The replicate data were used to determine the statistical significance of the effect of fuel
changes on the diurnal emissions. First, the data by day were averaged, then the diurnal data
for all three fuels were fit to a model! designed to isolate the replicates In the defermination of the
experimental error (Diurnal emissions = Fuel + Rig + FuelxRig). The average permeation -
emissions of each of the three fuels, and the half difference limit based on the Tukey multiple
comparisons test with 95% confidence, are shown in Table 18 below for the three {est fuels:

Tahle 18
Diurnal Emissions

Average Diurnal

Emissions (g/day) 95% Limit
Fuel A 2.16 +0.243
Fuel B 3.56 +0.243
Fuel C 2.45 | +0.185

A plot of the average diurnal emissions values and a representation of the Tukey test interval,
using an expanded vertical scale, is offered in Figure 22 below:
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Figure 22

The anaiysis of the diurnal test resuits indicates that the differences between the ethanol fuel
(Fuel B) and the other two fuels are statistically significant at the 95% confidence level. The
difference between the emissions of the MTBE and non-oxygenated fuels are not significant at
the 95% confidence level.
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Effect of Preconditioning Fill Level on Non-Metallic Tank Systems (100% vs. 20%) - Four
of the ten rigs featured non-metallic fuel tanks, and we wanted to determing the effect of the fill
ievel on the permeation results. The basic procedure followed during the program was to soak
the tanks with a 100% fill as we thought that this could give the fastest stabilization, and
minimize the effects of the fuel “weathering” over time. We conducted additional stabilization on
the four rigs with the non-metallic tanks at the end of the program, filling to 20% of capacity with
Fuel C, re-stabilizing at 105°F, and then testing at 85°F, and conducting a two-day diurnal
(diurnals are always conducted with a fresh fill of 40% of the test fuel). The results are
presented in Table 19: '

Table 19
~ Fiil Level Effect - Steady-state Test Results
100% fill 20% fill % Change
105°F test results - g/hour --------
Rig 2 0.044 0.033 -25
Rig 4 0.072 0.056 -22
Rig 5 0.820 0.750 -9
Rig 6 0.298 0.277 -7
Average 0.308 0.279
85°F test results
Rig 2 0.019 0.013 -32
Rig 4 0.041 0.021 -49
Rig 5 0.349 0.350° 0
Rig 6 0.094 0.095 +1
Average 0.126 0.120
Diurnal Test Results (40% fill)
100% fill 20% fiil % Change
: Praconditioning
Day 1 ---—-—-- glday ~—-—-—-
Rig 2 0.596 0.435 -27
Rig 4 1.225 0.791 -35
Rig 5 11.952 12.857 +8
Rig 6 4.132 4.541 +10
Average 4.476 4.656
Day 2
Rig 2 0.571 0.422 ' -26
Rig 4 1.038 0.673 -35
Rig 5 10.207 10.982 +8
Rig 6 2.963 3.558 +20
Average . 3.695 3.909

The fill level test results are mixed. The newer fuel tank systems (rigs 2 and 4) showed lower
permeation at lower fill levels on both the steady-state measurements, and on the 48 hour
diurnal tests, despite the fact that the fill fevel during the actual diurnal test was unchanged at
40%. Rigs 5 and 6 showed slightly lower steady-state permeation rates (-7 and -9% of level)
during the 105°F tests, but no difference at 85°F. The permeation rates increased during the
diurnal evaiuation.
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Appendix A

Evaporative Emissions

The purpose of this project was to quantify the permeation emissions from a variety of vehicle
fuel systems with three different fuel compositions used or contemplated for use in California.
One of the challenges was to isolate the permeation component from the other sources of fuel,
and non-fuel, emissions. This section documents the development of the evaporative emission
test and the hardware used to control the emissions, and illustrates the solutions we used fo
focus only on the permeation emissions. We first discuss total evaporative emissions, the issue
of “breathing losses”, permeation, then the steps we took to measure only permeation

emissions.

Permeation is one component in the total evaporative emissions from a vehicle. The purpose of
this section is to define and document permeation’s role in evaporative emissions

Evaporative emissions from motor vehicles can be defined as all the hydrocarbon (HC)
emissions from a vehicle that do not come from the engine’s exhaust™®. These non-tailpipe
hydrocarbons come from a variety of sources, including non-fuel “background” sources such as
tires, paint, vinyl compenents, and adhesives''. The major source of evaporative emissions has
been from the vehicle’s fuel storage, delivery and handling systems.

The fuel tank, by design, is vented to the atmosphere through an activated carbon trap, and the
normal daily tank emissions are highly confrolled. Gascline also escapes the vehicle’'s fuel
system by permeation through the plastic and rubber components; e.g., hoses, seals, and In
some cases, such as with a non-metallic tank, the fuel tank itself. Advances in materials and
design have reduced the permeation emissions component to very low levels.

An unintended source of HC emissions may occur from leaks in the system. Leaks may occur
in the vapor and/or the liquid system as a result of deterioration and/or faulty service techniques.

Examples of deterioration are corrosion of metallic components (e.g., fuel lines, tanks), cracking
of rubber-hoses from heat and ozone exposure, hardening of seals, and mechanical failures.
Deterioration of the elastomers has been greatly reduced for vehicles built in the middle 90s and
later which are certified to the 10 year/100,000 mile requirements. The most restrictive emission
control requirement is the California “Zero-Fuel-Evaporative Emissions”, which states that fuel
emissions must be 0.0 g/iday (less than 54 milligrams/day) for 15 years, or 150,000 miles.

Paor service techniques include the failure to properly reinstall and tighten connections, the use
of inadequate repair materials, and the defeat (intended or unintended) of control devices such

as valves and switches.

19 William R. Pierson, et al., “Assessment of Nontailpipe Hydrocarbon Emissions from Motor Vehicles”, Journal of
the Air & Waste Management Associalion, Volume 49 May 1999, ISSN 1047-3289 '

" Harold M. Haskew, “Real-Time Non-Fuel Background Emissions”, SAE 912373, International Fuels and
Lubricants Meeting, Toronto, Canada, Oct 7-10, 1991.
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Appendix B

A Vehicle’s Fuel System

Evaporative emissions can escape from a wide variety of places on the vehicle. The purposa of
this section is to define some terms and illustrate where leaks might occur.

Figure 23 is a simplified schematic of a typical vehicle fuel system. The fuel tank is usually
located at the rear of the vehicle. A vapor volume space is provided above the liquid, even when
the fank is “full”, to
allow for expansion,
and help with the
separation of the liquid
from the vapor. The fill
heck can be a
separate component,
connected to the tank
in one or more places
with rubber hose(s)
and clamp(s). An
external fill vent hose
may be fitted from the
top of the tank to the
filler neck pocket.

Figure 23. Vehicle Fuel System Schematic

Fuel injection vehicles typically have a fuel supply pump, mounted In the tank, drawing fuel from
the bottom of the tank through a primary filter, or “sock”. The supply pressure is maintained
typically in the 10 psi range for throttie body injection systems, typical of the 1980°s. Higher
pressures, 40 to 60 psi, are used for port fuel injection systems.

The chassis supply line, typically a 8mm id tube, carries the pressurized fuel to the engine. The
chassis supply line has typically been steel, and rigidly mounted to the underbody of the vehicle.
Nylon has also been used for a number of years, and offers superior corrosion resistance. A
serviceable fuel filter is usually fitted in the supply line. The chassis supply line is conhected to
the tank with a flexible hose for assembly, service, and isolation reasons. A similar fiexible
connection is made to the engine at the front of the vehicle. Many engine fuel systems use an
engine mounted pressure regulator and
return excess fuel back ic the tank through
a duplicate chassis return line. While the
return line Is not at the supply pressure, it
is sfill pressurized, and an important
component.

T YENY

RGN Vapotrs from the tank are routed through a

fank vent tube to a carbon canister for
storage, The canister may be located in

/gﬁ the engine compariment, which requires a
long vapor tube, ar close to the tank, which

Figure 24. Evaporative is required for the late 90’s models with on-
Emission Control hoard control of refueling vapors. Vehicle
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motion can produce “slosh” in the fank, and liquid can be trapped in the vent unless pravisions
have been made to separate it. Some applications use special liquid/ivapor separators to
ensure that only vapor is routed to the carbon canister. The canister Is reactivated, or purged
during engine operation by using engine vacuum to draw air through the carbon bed. The
canister then has at least three connections, 1) the tank vapor vent, 2) the purge line, and 3) an

air supply port.

The purge line to the engine may have a solencid and/or a coolant temperature operated switch
affixed to confrol the purge. This is sometimes mounted directly on the canisier — other times
on the engine. The vapor part of the system Is therefore: the top of the tank, the fill pipe, the fill
cap, the tank vent hose(s), the purge line, solenoids and switches, and the fresh air vent for the

canister.

Appendix C

Isolating the Breathing Loss Emissions

The intent was to measure the permeation performance of the vehicle fuel systems from
vehicles in good repair. A brief review of fuel vapor emissions, including the “breathing losses”
may be helpful. The tank, hoses, and controls are designed to contain the gasoline. Gasoline

can escape the system by several mechanisms:

e Leaks
¢ Breathing losses (Vapor expelled during system temperature increases)

¢ Permeation

Leaks are an anomaly, and while they are i
present in the population of vehicles, are not Calculated Equiiibrium Concentrations
thought to be sensitive fto gasoline 100 awaﬂo"snm'_’emmes (Sea Leve)
composition. By selecting vehicles in good e e

repair, leaks shouid be eliminated from the 8 |

measurements, even though this requirement
would offer a passible challenge on the ofder
vehicles.

-%

20 r

40

HC Conceniration

Breathing losses are sometimes called
“diurnal” l[osses and resulf from the fact that a
vented fuel fank has o expel air and vapors
during a temperatura increase. A parked

20 |

vehicle experiences temperature changes as “50 - 0 o a0 50
the ambient temperature rises and then falls Temporature - degraes F

during the daily, or "diurnal’ cycle. The plotin ]

Figure 25 presents the equilibrium Figure 25

concentration of HC in the vented vapor space above liquid gasoline (such as would oceur in an
automotive fuel tank) for a range of temperatures.

For example, at 70°F, the equilibrium concentration of hydrocarbons in the vapor space above
the liquid fuel is 27%. If the temperature is increased to 80°F, the vapor pressure increases,
and the equilibrium concentration in the vapor space increases to 32%. if the HC concentration
above the fuel has to increase, and the vapor space is vented to the atmosphere and no
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pressure increase can result, some vapor must be expelled. This is what we refer to as the
“breathing loss.”

As described earlier, automotive evaporative emission control systems capture these expelled
vapors in a canister filled with activated carbon (See SAE 902119, “Performance of Activated

Vent from the Fuel Cap

Vent from the
Canister

Vent connection
to SHED wall

Figure 26. Test Rig 2 ‘
Carbon in Evaporative Loss Control Systems”, by H.R. Johnson and R.S. Williams). The HC
molecules are temporarily stored on the carbon bed, and returned to the engine for combustion
by drawing air through the bed while the engine is running. -

For the purposes of this project, we were able to eliminate the contribution of the breathing
losses by affixing a tube to the fuel tank system’s atmospheric vent and routing the vapors fo
the outside of the SHED through a bulk-head fitting in the enclosure. We also affixed a vent to
the fuel cap, and combined this with the external vent, to prevent any pressurization in case a
pressure control valve was fitted to the tank (an example is shown in Figure 286).

Figure 27 shows the fabricated cap that was
fashioned and fitted to the open boitomed canister
of Rig 10 (1978 Cutlass) to collect and route the
canister vapors to the fittings that took any vapors
outside the SHED.

Figure 27. Open Bottom
Canister
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Appendix D

Evaporative Emission Cantrol Regulations

Evaporative emissions were first controlled nation-wide'? in model year 1971. Carburetor and
fuel tank vapors were routed to a small {about one liter) container of activated carbon for
temporary storage and eventual use by the engine. Basic evaporative control hardware
concepts (Carbon storage for tank vapors) have not changed much since then, but control
effectiveness has increased greally as materials, understanding and measurement techniques

have improved.

The following summary provides an overview of the evolution of evaporative emission control
regulations. These apply to Federal light-duty vehicles. California typically adopted requiations
prior to the Federal rule. The model vear that the regulation first affected is llsted at the left
margin. Many rules were phased in over three or more years.

1971 Carbon Trap Based Requirements (Diurnal + Hot Soak)'™
Diurnal test of 1 hour — Fuel heated from 60 to 84°F
Hot Soak of 1 hour at Lab temperature after urban driving cycle

1978 Enclosure Based (SHED) Requirements — 6.0 grams™
Diurnal test of 1 hour — Fuel heated from 60 to 84°F
Hot Soak of 1 hour at Lab temperature after urban driving cycle

1981 Enclosure Based (SHED) Requirements — 2.0 grams™®
Diurnal test of 1 hour ~ Fuel heated from 60 o 84°F
Hot Soak of 1 hour at Lab temperature after urban driving cycle

1996 to 1998 Enhanced EVHPOFatIVE Emission Regulations - 2.0 grams (Multi-Day Diurnal &

Running Loss)'®
Diurnal test of 24 hours — rmuliiple days — Ambient temp heated from 65 fo

105°F for California models with 7.0 psi RVP fuel. Federal test at 72 to 96°F
with 9.0 psi RVP fuel. Ceriification Durability Requirements extended to 10
Years/ 100,000 miles.

Hot Soak of 1 hour at elevated ternperature following extended high
temperature driving

Ruhning Losses controlled fo 0.05 g/mile

12 (alifornia typically has required controls one or mere years prior to the Federal requirement.

3 33 FR 8304, une 4, 1968, “Standards for Exhaust Emissions, Fuel Evaporative Emdssions, and Smoke
Emissions, Applicable to 1970 [sic.] and Later Vehicles and Engines”

4] FR 25626, Aungust23, 1976, “Final Evaporative Emission Regulations for Light Duty Vehicles and Trucks”

5 43 FR 37970, August?24, 1978, “Evaporative Emission Regulations for Light-Duty Vehicles and Trucks™

16 58 FR 16002, March 24, 1993, “Evaporative Emission Regulations for Gasoline and Methanol-Fueled Light-
Duty Vehicles, Light-Duty Trucks, and Heavy-Duty Vehicles”
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1998 to 2000 On-Board Refueling Emission Controls' (Light duty Trucks from 2000 to 2004)
Refueling control added to enhanced evap requirements

Callforn[a required on-board dlagnos‘uc systems starting with model year 1988, California later
expanded the diagnhostic requirements’® to include (among many other things) leak checks on
the evaporative control system, first affecting model year 1994, EPA adopted the California
OBD Il requirements® and required them on federal vehicles starting in model year 1998.

Appendix E
Sealed Housing For Evaporative Determination (SHED)

The enclosure technique for measuring evaporative emissions was first adopted for 1978 model
year vehicle certification. The test subject is placed in a leak-proof box (Figure 6), and observed
for a period of time. If fuel vapors are being emitted, the hydrocarbon concentration in the
enclosure will increase. The mass of fuel vapors in the enclosure is calculated at the start of the
observation period, and then again at some period later. The difference in the two estimates
divided by the elapsed time is the time rate of mass emissions.

“Hot soak” emissions are measured over a 1 hour period (e.g., 40 CFR § 86.138-90). Mass is
calculated from the net volume in the enclosure, the concentration of the fuel vapors, and the
assumed average density of the mixture of vapors in the sample. The density is corrected for
the local temperature and station pressure. The difference in fuel vapor mass over a period of
time is the mass rate of emissions. The following quote is taken from the federal emissions test
procedure at 40 CFR § 86.138-78 (The later procedures -90 and -96 include methanol
corrections, and are difficult to follow):

The basic form of the calculation is: Mass = Volume * Concentration * Den_sity

The Federal Register procedure is copied below.

U 50 FR 16262, April 6, 1994, “Refueling Emission Regulations for Light-Duty Vehicles and Light-Duty Trucks”
8 Title 13 — Californiz Code of Regulations section 1968 '

1 itle 13 — California Code of Regulations section 1968.1

W Federal Register, 58 FR 9468, Feb. 19, 1993
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§ 86.345.78  Calendations; evapurstive
fors

danione.

The calonistion of the net hydrogar-
bon tass change in the enclosure s veed
o detarming the dinrnal and hot sonk
miash emissfons, The mass Js ealovlabed
from inttisl and fnad hydroesrion con-
fantrations fo ppm carbon, inlblal and
fina! snclosure amblont temperstures,
initial amd final barometric prossuves,
and net enclosure volurne using the fol-
Towing equation:

MoV 107 | HHGLA IR

Whaere:

Muo sz hydroesrhon s, g,
Urpmhydrocwrbon  concentration ag ppmn
. 4arhon.
Thomniat enelosore volume, 317 () »8 do-
: termined by subtracting 69 It {142
o {yohune of vehicle with runk
snd windows open} from the ab-
ClaxpTe YOlume. A manafasinrer ey
use the messured volume of the
vahitie (toviend of $he nominul &0
4% with advende approval by $he
Administeator: Fropided, The e
wad volnrse i debeomined and weed
Tor wil vehioles tested by that munwe
Taeturer.

P haromelrio prasivre, o, By {(KPa},
Faxeniosgre smbleat temperaturs, B {K).
¥ 208 (13- X0

for BT wokts Rl (18- H/G),

Where:
oo Fydrogen-carbon patic.
G w158 for giurnnl emissions.
W0 33 for Kot snak enfssions,

1 indiestas inltial resding.

1= indlentes foal Teuding.
The fnal reported results shell be
computed by summing the Individual
eyaporative omission results determined
for the dinrnal breathing-loss tesh, run-
mng-loss test, and the hol-soak fest.

Figure 28. ATL SHEDs

The volume of the enclosure is established with some
degree of accuracy. The volume of the vehicle with the
windows and trunk lid open is assumed io be 50 it?,
unless a more appropriate value is known. We used 5 it
as an appropriate volume for the rigs. The SHEDs used
were nominally 2000 ft®in volume, so even plus or minus
5 ft* for the net volume estimate is a small error.

ATL has 6 SHEDs (5 variable temperature, and 1
constant temperature) at the Mesa, AZ facility, as shown
in Figure 28. These are basically aluminum boxes, 10" X
10" in width and height, and 20’ long, with ithe necessaty
heating/cooling systems, HC sampling systems, and
volume compensation devices for the VT-SHED models.

The sampling system draws a continuous sample from
the enclosure during the test through a pump and
pressure control device. A small portion is routed fo the
Flame lonization Detector (FID) (See SAE 700468 and
770141 for FID basics) for establishing the hydrocarbon
concentration in the sample. The balance of thé sample
is returned to the enclosure.

The one hour interval used for the automotive hot soak,
and the 24 hour interval used to estimate the daily
“diurnal”  emissions, are the normally measured
parameters. The concept of the enclosure method can
pe used over shotter intervals, and allow more

information to be gained during a test.
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Appendix F

Carter Reactivity Scale — Maximum Incremental Reactivity

CAS Nao. MIR  Species

50-00-0 8.96  Formaldehyde
56-23-5 0.00  Carbon Tetrachloride
56-81-5 3.26  Glycerol

57-55-6 2.74  Propylene Giycol
60-29-7 4.01  Diethyl Ether
64-17-5 1.62  Ethanol

64-18-6 0.08  Formic Acid

64-19-7 0.50  Acstic Acid

66-25-1 4,93  Hexanal

67-56-1 0.69  Methanol
67-63-0 0.71 Iscpropyl Alcohol
67-64-1 043  Acetone

67-66-3 0.03  Chloroform
67-68-5 6.83  Dimethyl Sulfoxide
71-23-8 2.73  n-Propyl Alcohol
71-36-3 3.33  n-Butyl Alcohol
71-41-0 3.33  Pentyl Alcohal
71-43-2 0.81 Benzene
71-55-6 0.00 1,1,1-Trichloroethane
74-82-8 0.01 Methane
74-83-9 0.02  Methyl Bromide
74-84-0 0.31 Ethane
74-85-1 9.07 Ethene
74-86-2 1.24  Acetylene
74-87-3 0.03  Methyl Chloride
74-95-3 0.00 Methylene Bromide
74-96-4 0.1 Ethyl Bromide
74-98-6 0.56  Propane
74-99-7 6.44  Methyl Acetylene
75-00-3 0.25  Ethyl Chloride
75-01-4 2.92  Vinyl Chloride
75-04-7 7.79  Ethyl Amine

- 75-07-0 6.83  Acetaldehyde
75-09-2 0.07  Dichloromethane
75-18-3 Dimethyl Sulfide
75-19-4 0.10  Cyclopropane
75-21-8 0.04  Ethylene Oxide

75-28-5 1.34  Isobutane

75-34-3 0.10  1,1-Dichloroethane
75-35-4 1,1-Dichloroethene
75-60-3 7.06  Trimethyl Amine

75-56-9 0.32  Propylene Oxide

75-65-0 0.45  t-Butyl Alcohol

75-83-2 133  2,2-Dimethyl Butane

75-97-8  0.78  Methyl t-Butyl Ketone

77-68-8 0.86  3-Hydroxy-2,24-Trimsthylpentyl-1-lsobutyrate
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77-76-9 0.52  2,2-Dimethoxy Propane

78-59-1 10.58 isophorone {3,5,5-frimethyl-2-cyclohexenone}
78-78-4 1.67  lso-Pentane

78-79-5 10.68 Isoprene

78-83-1 2.23  Isobutyi Alcohol

78-84-2 586  2-Methylpropanal
-78-85-3 6.18 Methacrolein

78-87-5 1,2-Dichloropropane
78-92-2 1.59  s-Butyl Alcohol
78-93-3 148  Methyl Ethyl Ketone

78-94-4 8.67  Mathylvinyl ketone
78-98-8 16.21  Methy! Glyoxal .
79-00-5 0.06  1,1,2-Trichloroethane
79-01-6 0.60  Trichloroethylene
79-09-4 0.72  Propionic Acid
79-10-7 11.57  Acrylic Acid

79-14-1 267  Glycolic Acid
79-20-9 0.07  Methyl Acetate
79-21-0 Peroxyacetic Acid
79-20-8 113  2,3-Dimethyl Butane
79-31-2 1.22  isobutyric acid

79-41-4 18.78 Methacrylic Acid
80-56-8 4.29  a-Pinene
80-82-6 15.84  Methyl Methacrylate

89-78-1 1.70  menthol

90-12-0 4.61 1-Methyl Naphthalene
91-08-7 2,6-Toluene Diisocyanate
91-20-3 3.26  Naphthalene

91-57-6 4.61  2-Methyl Naphthalene
94-65-5 1.71  2-propyl cyclohexanone
94-96-2 262  2-Ethyl-1,3-hexanediol
95-13-6 3.21 Indene

95-47-6 7.48  o-Xylene

95-48-7 234  o-Cresol

95-63-6 7.18  1,2,4-Trimethyl Benzene
96-14-0 2.08  3-Methylpentane
96-22-0 1.44  3-Pentanone

96-26-4 4.02  dihydroxyacstone
96-33-3 1210 Methyl Acrylate

96-37-7 240  Methylcyclopentane

96-41-3 1.84  Cyclopentanol

96-47-9 4.59  Alpha-Methyltetrahydrofuran
96-48-0 1.15  gamma- butyralactone
97-64-3 2.72  Ethyl Lactate

97-85-8 0.61 Isobuty! Iscbutyrate

97-86-9 8.98  Isobutyl Methacrylate
97-88-1 9.08  Butyl Methacrylate

97-99-4 3.54  tetrahydro-2-furanmethanol
98-08-8 0.26  Benzofrifluoride

08-55-5 516  a-terpinec!
98-56-8 0.11  p-Triflucromethyl-Cl-Benzene
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98-82-8 2.32  lIsopropyl Benzene (cumene)
98-83-9  1.71  a-Methyl Styrene
98-95-3 0.07  Nitrobenzene
100-41-4 279  Ethyl Benzens
.100-42-5 1.94  Styrene
100-52-7 -0.61 Benzaldehyde
101-68-8 0.79  Methylene Diphenylene Diisocyanate
102-71-8 2.75  Triethanolamine
102-76-1 0.57  glyceryl trlacetate
103-098-3 0.77  2-Ethyl-Hexyl Acelate
103-11-7 - 242  2-Ethyl-Hexyl Acrylate
103-65-1 2.20  n-Propyi Benzane
104-51-8 197 n-Butyl Benzene
104-76-7 2.18  2-Ethyl-1-Hexanol
105-05-5 3.36  p-Diethyl Benzene
105-37-3 0.79  Ethyl Propionate
105-46-4 1.43  s-Butyl Acetate
105-54-4 1.24  Ethyl Butyrate
105-57-7 3.68  acetal (1,1-diethoxyethane)
105-66-8 115  n-Propyl Butyrate
106-21-8 142  3,7-dimethyl-1-octanol
106-36-5 0.82  n-Propyl Propionate
106-42-3 4.24  p-Xylene
106-44-5 234  p-Cresol
106-46-7 0.20  p-Dichlorobenzene
106-63-8 5.05  isobutyl acrylate
106-65-0 0.23  Dimethyt Succinate
106-79-8 0.48  Dimethyl Sebacate
106-88-7 1.01  1,2-Epoxybutane
106-93-4 0.05 1,2-Dibromoethane
106-94-5 0.35  n-Propyl Bromide
106-97-8 1.32  n-Butane
106-98-9 10.22 1-Butene
106-99-0 13.47  1,3-Butadiene
107-00-6 6.18 _Ethyl Acetylene
107-02-8 7.55  Acrolein
107-06-2 0.10  1,2-Dichioroethans
107-13-1 Acrylonitrile
107-21-1 3.36  Ethyiene Glycol
107-22-2 1422  Glyoxal
107-31-3 0.06 Methyl Formate
107-40-4 8.82 24 4-trimethyl-2-Pentona
107-41-5 1.03  2-Methyl-2,4-Pentanediol
107-46-0 Hexamethyldisiloxane
107-83-5 1.78  2-Methyt Pentane
107-87-9 3.06  2-Pentanone
107-82-6 1.78  butancic acid
107-98-2 260  1-Methoxy-2-Propanol
108-01-0 475  Dimethylaminoethanol
108-05-4 3.26  Vinyl Acetate
108-08-7 1.63  2,4-Dimethy] Pentane
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108-10-1
108-11-2
108-20-3
108-21-4
108-32-7
108-38-3
108-39-4
108-65-6
108-67-8
108-82-7
108-83-8
108-84-9
108-87-2
108-88-3
108-80-7
108-93-0
108-94-1
108-95-2
108-21-7
109-60-4
109-65-9
108-66-0
108-67-1
109-69-3
109-86-4
109-87-5
109-94-4
100-88-9
110-00-9
110-12-3
110-19-0
110-43-0
110-49-6
110-54-3
110-62-3
110-63-4
110-74-7
110-80-5
110-82-7
110-83-8
110-98-5
111-13-7
111-15-9
111-27-3
111-30-8
111-35-3
111-42-2
111-43-3
111-46-6
111-85-7
111-65-9

4.28
2.89
3.56
1.12
0.25
10.61
2.34
1.69
11.22
2.37
2.90
1.46
1,97
3.97
0.36
2.23
1.59
1.82
1.10
0.86
0.60
1.53
7.73

297
1.04
0.52
4.91

16.54
210
0.67

" 2,77

1.18
143
5.71
3.22
0.92
3.76
1.44
5.40
2.47
1.64
1.88
2.72
4.79
4.22
4.05
3.23
3.53
073
1.09

4-Methyl-2-Pentanone _
4-methyl-2-pentanol (methyl isobutyl carbinot)
diisopropyl ether ‘
Isopropyl Acetate
Propylene Carbonate
m-Xylene

m-Cresol
1-Methoxy-2-Propyl Acetate
1,3,5-Trimethyl Benzene

2 ,6-dimsthyl-4-heptanol
Di-isobutyl ketone (2,6-dimethyl-4-heptanone)
methyl amyl acetate (4-methyl-2-pentanol acetate)
Methyleyclohexane
Toluene '
Meonachlorobenzene
Cyclohexanol
Cyclohexanone

Phenol

n-Butyl Butyrate

Propyl Acetate

n-Butyl Bromide

n-Pentane

1-Pentene

1-Chlorobutane
2-Methoxyethanol
Dimethoxy methane

Ethyl Formate
Tetrahydraofuran

Furan
5-Methyl-2-Hexanone
Isobutyl Acetate
2-Hepfanone
2-Methoxyethyl Acetate
n-Hexane

Pentanal (Valeraldehyde)
1,4-butanediol

n-Propyl Formate
2-Ethoxyethanol
Cyclohexane

Cyclchexene

Dipropylene Glycol Isomer (1-[2-hydroxypropyl]-2-propanol)
2-Octanone

2-Ethoxyethyl Acetate
1-Hexanol

Glutaraldehyde
3-Ethoxy-1-Propanol
Diethanol Amine

Di n-Propyl Ether
Diethylene Glycol

Ethylene Glycol Diacetate
n-Octane
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111-66-0 3.42  1-Octene
111-70-6 2,18  1-Heptanol
111-71-7 419  Heptanal
111-76-2 2.88  2-Butoxyethanol
111-77-3 2.88  2-(2-Methoxyethoxy) Ethanol
111-82-0 0.53  methyl dodecanoate {methyl laurate}
111-84-2 0.93 n-Nonane
111-87-5 1.99  1-Octanol
111-80-0 3.34  2-(2-Ethoxyethoxy) Ethanol
112-06-1 0.73  n-Heptyl Acetate
112-07-2 1.65  2-Butoxyethyl Acetate
112-14-1 0.64  n-Octyl Acetate
112-15-2 149  2-(2-Ethoxyethoxy) ethyl acetate
112-25-4 243  2-Hexyloxyethanol
112-27-6 3.41  ftriethylene glycol
112-30-1 122  1-decanol
112-34-5 2.87  2-(2-Butoxyethoxy)-Ethanol
112-35-6 2.59  2{2-(2-Methoxyethoxy) ethoxy] ethanol
112-40-3 0.64 n-Dodecane

" 112-41-4 1.74  1-Dodecens
112-80-5 2.64  2{2-(2-Ethaxyethaxy) ethoxyl Etharnol
112-59-4 200  2-(2-Hexyloxyethoxy) Ethanol
112-60-7 2.84  tetraethylene glycol
112-95-8 040 n-C20
115-07-1 11.57 Propene
115-10-6 0.83  Dimethyl Ether
115-11-7 6.31  isobufene
115-18-4 508  2-Methyl-3-Butene-2-al
115-77-5 242  pentaerythritol
116-08-6 3.08  Hydroxy Acetone
119-64-2 - 2.83  Tetralin
120-92-3 142  Cyclopentanone

- 122-99-6 3.81  2-Phenoxyethanol; Ethylene glycoi phenyl ether
123-04-6 3-(Chleromethyl)-Heptane
123-17-1 1.55  Trimethylnonanalthreoerythro; 2,6,8-Trimethyl-4-nonanol
123-18-2 1.86  2,8,8-trimethyl-4-nonancne; Isobuty! heptyl ketone
123-38-6 7.88  Propionaldehyde
123-42-2 0.68  Diacetone Alcohol
123-51-3 2.73  iscamyl alcohol (3-methyl-1-butanol)
123-54-6 1.02  2,4-pentanedione
123-72-8 6.68  Butanal
123-86-4 0.88  n-Buiyl Acetate
123-91-1 2.71 1,4-dioxana
123-92-2 1.18  iscamyl acetats {3-methylbutyl acetate)
124-04-9 3.37  adipic acid
124-10-7 047  methyl myristate {methyl tetradecanoate}
124-11-8 2.73  1-Nonene
124-13-0 3.62  QOctanal
124-16-3 208  1-({butoxyethoxy)-2-propanol
124-17-4 1.36  2-(Z-Butoxyethoxy) ethyl acetate
124-18-5 0.81 n-Decane
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124-40-3
124-68-5
127-18-4
127-91-3
135-01-3
135-98-8
137-32-6
140-88-5
141-32-2
141-43-5
141-78-6
141-79-7
141-93-5
142-29-0
142-68-7
142-82-5
142-82-7
142-96-1
143-13-5
143-22-6
144-19-4
148-57-5
156-60-5
287-23-0
287-92-3
291-64-5
292-84-8
431-03-8
463-82-1
464-06-2
496-11-7
503-17-3
503-30-0
503-74-2
513-35-9
526-73-8
527-53-7
540-54-1
540-88-5
541-02-6
542-92.7
544-78-3
547-63-7
547-64-8
554-12-1
556-67-2
568-37-2
562-49-2
563-45-1
563-46-2
563-78-0

9.37
4.75
0.04
3.28
5.82
1.97
2.60
8.73
5.62
5.96
0.84
17.37
8.38
7.32
3.78
1.26
0.87
3.14
0.58
2.21
1.76
349
0.81
1.04
2.67
2.23
1.70
20.73
0.69
1.32
3.16
16.32
5.19
4.26
14.44
11.25
8.25
1.43
0.20

7.55
0.50
0.69
2,76
0.71

6.02
1.32
6.95
6.47
4.75

Dimethyl Amine
2-Amino-2-Methyl-1-Propanol
Perchloroethylene

b-Pihene

o-Diethyl Benzene

s-Butyl Benzane
2-methyl-1-butanol

Ethyl Acrylate

n-butyl acrylate

Ethanolamine

Ethyl Acetate

mesityl oxide (2-methyl-2-penten-4-one)
m-Diethyl Benzene
Cyclopentens
Tetrahydropyran

n-Heptanes

n-Hexyl Acetate

Di-n-butyl Ether

n-Nonyl Acetate
2-[2~(2-Butoxyethoxy) ethoxy] Ethanol
2,2.4-Trimethyl-1,3-Pentanediol
2-Ethyl Hexanoic Acid
Trans-1,2-Dichloroethene
Cyclobutane

Cyclopentane

Cycloheptane

Cyclooctane

Biacety!

Neopeniane

2.2,3-Trimethyl Butane

Indan

2-Butyne

Trimethylene Oxide

3-Methylbutanoic acid i

2-Methyl-2-Butene
1,2,3-Trimethyl Benzena
1,2,3,5 Tetramethy! Benzene
2,2 4-Trimethyl Pentane
t-Butyl Acetate

D5 Cyclosiloxane
Cyclopentadiene

n-C16

Methyl Isobutyrate
Methyl Lactate

Methy! Propionate

D4 Cyclosiloxane
3,3-Dimethyl-1-Butene
3,3-Dimethyl Pentane
3-Methyl-1-Butene
2-Methyl-1-Butene
2,3-Dirmethyl-1-Butene
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563-79-1 13.32  2,3-Dimethyl-2-Butene
563-80-4 1.64  Methyl Isopropyl Ketone
565-59-3 153  2,3-Dimethyl Pentane
565-75-3 1.22  2,3,4-Trimethyl Pentane
565-80-0 1.61 Di-lsopropyl Ketone
581-40-8 554  2,3-Dimethyl Naphthalene
584-02-1 1.73  3