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AIR RESOURCES BOARD
Stationary Source Division

PUBLIC HEARING TO CONSIDER THE ADOPTION OF AND AMENDMENTS T0O
REGULATIONS REGARDING REFORMULATED GASOLINE (PHASE 2 GASOLINE

SPECIFICATIONS), AND THE WINTERTIME OXYGEN CONTENT OF GASOLINE

Technical Support Document

Proposed Regh]ations for California
Phase 2 Reformulated Gasoline

Date of Release: 10/4/91
Schedule for Consideration: 11/21/91

Location:

Auditorium
State Building
107 South Broadway, Room 1138
Los Angeles, CA

This report has been reviewed by the staff of.
the California Air Resources Board and approved for publication.
Approval does not signify that the contents necessarily
reflect the views and policies of the Air Resources Board,
nor does mention of trade names or commercial products
constitute endorsement or recommendation for use.
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comprehensive set of specifications designed to achieve maximum reductiong

in criteria and toxic pollutants and in the mass and reactivity (ozone-
forming potential) of emissions from gasoline-fueled vehicles.

This report is intended to support and provide more detailed

information than contained in the “Staff Report” Lalifornia Phase 2_

- - - .

Y » I . 9 - $ | .l $ LRI L L@ .l
|

[ ]

@ l . {1 C

1l \1-1¢
asolipe (October 4, 1991).

This report and associated appendices:

provide relevant background ihformation.

discuss how the information was analyzed,
present the results of the analyses,

discuss the specific regulatory provisions,

Q000000

discuss various alternative approaches.

identify information and data used in developing the regulation,

examine the potential environmental impacts of the proposal, and
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A.

EMISSIONS INVENTORY
1- : . '." H 'I

2 I $Ye |*'-,‘ s S N

Motor vehicle fuel related emissions are a significant source of carbon
monoxide, volatile organic compounds, and oxides of nitrogen. These latter
two pollutants are also precursors to ozone formation. PMI0, visibility

reducing particles, and sulfur dioxide are among the other criteria
pollutants produced by motor vehicle fuel use.

exceedances of both the state and federa] standards for several criteria
pollutants. The importance of reducing the emissions from gasoline-powered
vehicles in order to eliminate exceedances of the state and federa]
standards can be shown by examining the statewide emissions inventory.
Table II-1 shows the statewide emissions inventory breakdown for 1987 for

volatile organic compounds, carbon monoxide, oxides of nitrogen, PM10, and
oxides of sulfur. | .

According to the data presented Table II-1, in 1987 gasoline-powered
vehicles contributed 35 percent of the volatile organic compound emissions,
38 percent of the oxides of nitrogen emissions, 57 percent of oxides of
nitrogen emissions, and 11 percent of the oxides of sulfur emissions. While
gasoline-powered motor vehicles only contributed 0.2 percent of the directly
emitted PM10, they were significant contributors of oxides of nitrogen and
oxides of sulfur, which are precursors to the sulfate and nitrate fraction
of PM10 pollutants. Throughout California, the percentage of combined
nitrate and sulfate in the ambient concentrations of PM10 averaged over the
years 1987 through 1989 varied from a high of 42 percent in the South Coast
Air Basin to a low of seven percent in the Great Basin Valleys Air Basin.

-2-
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Therefore, the gasoline-powered motor vehicle is a major contributor to all
of the above pollutants. - | .

Table II-1

Statewide Emissions of Gasoline-Powered Motor Vehicles,
Other Mobile Sources, and Stationary Sources for 1987

Average Daily Emissions, Tons/Day

2ource yoC NOx £0 EM10 202

On-road Gasoline- 1,400 1,300 11,000 65 65
Powered Motor Vehicles

Other Mobile Sources

Stationary Sources

Total Emissions

Planning inventories are designed for those areas of the state that are
not in attainment of the state ambient air quality standards and only for
those pollutants for which the areas are in nonattainment. For example,
ozone planning inventories are prepared only for air basins designated as
nonattainment areas for ozone. A planning inventory represents "typical
episodic day” emissions in the nonattainment area. A “typical episodic day”
1S based on the ten worst air quality days of a particular pollutant. For
@his report, the staff have used the ozone planning inventory, which
includes emissions of volatile organic compounds and oxides of nitrogen, and
the carbon monoxide inventory to project future trends in emissions.

The majority of areas in California are not in attainment of the ozone
ambient air quality standards. Therefore, the ozone planning inventory is a
good representation of statewide emissions. Table II-2 shows the future

‘trend in emissions of volatile organic compounds and oxides of nitrogen,
respectively. From this table, it is apparent that future gasoline-powered -
vehicles will continue to comprise a significant portion of the total
inventory. In the year 2000, gasoline-powered vehicles will account for
about 17 percent of the total emissions of volatile organic compounds, and

. 2d percent of the total emissions of oxides of nitrogen.
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20yurce

Yolatile Organic Compounds

On-road Gasoline- 710 . 550 400 260
~ Powered Motor Vehicles ‘

Other Mobile Sources . 4b0 480 510 540
Stationary Sources —£.160  _2.,220  _2.310 2,400

Total VOC Emissions 3,320 3,250 3,220 3,200

Ox{des of Nitrogen

On-road Gasoline- 870 750 640 540
Powered Motor Vehicles ' '

Other Mobile Sources 1,270 1,320 1,400 1,490

Stationary Sources 900 890

Total NOx Emissions 3,040 2,960 2,960 2,980

Source: Air Resourceé Board, 'of- L20Nne F

air quality standard, the carbon monoxide planning inventory is not as good
of a representation of total statewide emissions as 1S the ozone planning
inventory. To assess the trends in emissions, staff evaluated the future
emissions for the South Coast Air Basin. Table II-3 presents the results of
this evaluation. As shown in this table, gasoline-powered vehicles wil]

continue to account for about 80 percent of the carbon monoxide emissions in
the year 2000. ' ' '
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" Table II-3
Future Trends in Emissions of Carbon Monoxide from Gasoline-Powered
Motor Vehicles, Other Mobile Sources, and Stationary Sources
' For the South Coast Air Basin

Emissions, Tons/Day

20Urce * 1296 2000 2005 2010

On-road Gasoline- 3,780 3,210 1 2,820 2,420
Powered Motor Vehicles |

Other Mobile Sources _- 740 780 840 1910 |

Stationary Sources 140 150 ‘1___159 160

Total CO Emissions 4,660 4,140 3,820 3,490

Source: ' Air Resources Board, Dr: arbon Monoxj
December 1990.

During the past few years, a number of independent investigators have
conducted studies that assert that the inventory of VOCs in urban areas may
be underestimated by substantial amounts. Investigations by ARB staff have
shown that these underestimates are in the order of 50 to 100 percent.
Staff believes that the on-road motor vehicie portion of the inventory is
underestimated by at least as much as the overall inventory; however,
studies to date have not been able to establish error bands for specific
categories of the inventory. Efforts toward improving both the mobile and
stationary source portions of the inventory continue and a major effort is
underway to obtain improved emission rates and vehicular activity data for
the on-road motor vehicle emission estimates. -

C.  TYPICAL CALIFORNIA GASOLINE PROPERTIES
| 1. :"'-'ll' 1€ : 1.5 11-

Gasolines used in spark ignition engines are Somplex gixturesof
hydrocarbons which range in boiling points from 85° to 440°F and are blended

from refinery streams so that the final product has desirable properties for
vehicle performance under a variety of conditions. The critical properties
of gasoline for automotive performance are octane rating, volatility, and
other parameters as listed by the ASTM-D 439 gasoline specifications in
Table II-4,
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- Table II-4
Detailed Requirements for Gasoline by ASTM D 439

Distillation Temperature (°F) Dist.

Volatil- 10 50 90 End - Residue Vapor/Liquid Ratio g/
ity Yol £ __Vol, % Vol %2, Point, Vol %, Teat Temp. V/L,
Class max min  max max max max (7F) max
A 158 170 250 374 437 2 140 20
B 149 170 245 374 437 2 133 20
C 140 170 240 365 437 2 124 20
D 131 170 235 365 437 2 116 20
E 122 170 230 365 437 i 105 20
Copper
| Strip Existent Oxidation
- Yolat- Rvp Lead Content max, Corro- Gum Stability,
ility max (QZEE]! - sion max, mg/ Minimum
Class  (psi) Unleaded™~ |eaded max 100 mL  Minutes
A 9.0 0.05 4.2 No. 1 b 240
B 10.0 0.05 4.2 No. 1 b 240
C 11.5 0.05 4.2 ~No. 1 5 240
D 13.5 0.05 4.2 No. 1 5 240
3 - 15.0 0.05 4.2 No. 1 5 240

a/ At 101.3 kPa pressure (760 mm Hg).

b/ The intentional addition of lead or phosphorus compcunds 1S not
permitted. EPA regulations limit their maximum concentrations to 0.05 g

of lead per galilon and 0.005 g of phosphorus per galilon (by Test
Method D 3231), respectively. * “

£/ Effective January 1, 1986, the EPA required that the lead concentration

of leaded gasoline be limited to 0.1 g/gal (0.026 g/L) averaged for
quarterly production of leaded gasoline.

Source: ASTM ﬁ 439
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- Table II-5 specifies the ASTM schedule, subject to agreement between
purchaser and seller, that denotes the volatility properties of the gasoline
at the time and place of shipment. Shipments intended for future use may
anticipate this schedule. Where alternative classes are permitted, either
class is acceptable: the option shall be exercised by the seller.

Table II-5
ASTM Volatility Classes

Region of California Jan Feb March April May June July Aug Sept Oct Nov Dec

North Coast a/ E/D D D D/C C C/B B B B B/CC/DDJE
South Coast p/ D D D/C C C/B B .B B B B/CC/DD

Southeast ¢/ D D/C C/B B B/A A A A A A/BB/C C/D
Interior d/ E/D D D D/C C/B B B B B B/CC/DDJE

a/ California, North Coast - Alameda, Contra Costa, Del Norte, Humboldt,
Lake, Marin, Mendocino, Monterey, Napa, San Benito, San Francisco, San
Mateo, Santa Clara, Santa Cruz, Solano, Sonoma, Trinity.

,h/ California South Coast - Orange, San Diego, San Luis Obispo, Santa
Barbara, Ventura, Los Angeles (except that portion north of the San
- Gabriel Mountain range and east of the Los Angeles County Aqueduct).

¢/ California Southeast - Imperial, Riverside, San Bernardino, Los Angeles
(that portion north of the San Gabriel Mountain range and east of the
Los Angeles County Aqueduct), Mono, Inyo, Kern (that portion lying east
of the Los Angeles County Aqueduct). - | -

d/ California Interior - Lassen, Modoc, Plumas, Sierra, Siskiyou, Alpine,
Amador, Butte, Calaveras, Colusa, EI Dorado, Fresno, Glenn, Kern (expect
that portion 1ying east of the Los Angeles County Aqueduct), Kings,
Madera, Mariposa, Merced, Placer, Sacramento, San Joaquin, Shasta,
Stanislaus, Sutter, Tehama, Tulare, Tuolumne, Yolo, Yuba, Nevada.

Source ASTM D 439
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3. Grades of Gasoline

There are three main grades of gasolines marketed today: leaded regular
which has octane number of 88-83, unleaded regular with an octane of 87, and
premium with an octane of about 91-83. 1In addition, small amounts of
unleaded midgrade are marketed with an octane rating between 87 and 93.
Table II-6 shows the 1990 California refinery production for each grade.
In September 1990, the ARB adopted section 2253.4, which precludes the
addition of lead additives to any gasoline for on-road use by January 1,

1992, because of the adverse health effects of lead and because lead poisons

the catalytic converters. oOn January 1, 1994, all gasoline must be unleaded
except for gasoline used in implements of husbandry.

Table II-6

Projected 1990 California Refinery Production

Gasoline Barrels per Day
Leaded Regular 180,000
~Unleaded Regular 495,000
Unleaded Midgrade 18,000
Unleaded Premium 216.000

Total 899,000

Source: Chevron Research and Technology Company. "Informal Discussion for
' CEC on Manufacturing of Gasoline", January 4, 1990.

E E- . | [E ]. |

Gasoline is blended in the refinery from a number of hydrocarbon
streams produced at the refinery or purchased which have different octane
values, composition, and ASTM properties. The blendstocks available to a
refiner depend upon the crude Source and the refinery's complexity.
Table II-7 lists the estimated generic blendstocks that go into the

California gasoline pool and Table II-8 list properties of blendstocks that
are available to the refiner.

4.

From Table II-7 it is apparent that reformate and gasoline produced
from the fluid catalytic cracking unit (FCC gasoline) are significant
components of the Catifornia gasoline pool. As can be ‘seen from Table I]I-8,
reformates have high octane values and high aromatic hydrocarbon/benzene
content. While reformates’ high octane value make them desirable
blendstocks for conventiona} gasoline, their high aromatic -
hydrocarbon/benzene content limits their use as blendstocks for reformulated
‘gasoline. FCC and coker gasolines are undesirable as blendstocks for
reformulated gasoline because of their high olefins and sulfur contents.
Butanes are also undesirable for the blending of reformulated gasoline
because of their high RVP values. It is expected that refiners, when

B
*
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blending reformulated gasolines, will use lower volumes of reformates, FCC
gasoline, and coker gasoline, and eliminate the use of butanes. These
blendstocks are expected to be replaced by oxygenates, alkylates, or other .
blendstocks that have more desirable properties.

Table II-7
Estimated California Gasoline Pool, 1990

| ‘ Yolume
Component (MBPCD)
- Reformate ' 320 .
FCC Gasoline 300
Alkylate: 80
Light Straight Run - 60
Coker Gasoline 20
Hydrocraker Light 80
Butane and Others _40

Pool Total S00

Source: Chevron Research and Technology Company, "Presentation to CEC™,
January 1990. |

‘Table 1I-8

Example'Properties of'Process‘Streams Blended into Gasoline

. Par*.OIef.Nap-ArO-Ben-Q.c.t.am_ﬂuﬁb.aL - _Distillation
Process Stream = Vol.Vol. Vol.Vol.Vol.Rec.Motor R«M RVP S _ ASTM D 86

. % % ¥ _% 0ct Qct _2 (psi)ppm 107 50% 30%

" Reformate 8 0 1 71 3 98 88 93 6 10 166 279 338
FCC Light Naptha 41 42 11 7 1 91 79 85 12 60 93 141 224
FCC Heavy Naptha 31 13 17 40 0 89 79 84 1 300 226 274 339
Alkylate - 98 0 0 0 0 91 89 90 -7 26 136 227 244
Light Straight Run 77 0 19 3 2 75 73 74 12 10 123 161 270
Hdrocrackate(light) 82 0 17 1 1 81 78 79 13 47 11 140 181
Isomerate | 94 0 6 0 0 86 86 86 1b 0 132 176 176
Polymer Gasoline 0 99 0 O O0 97 81 89 9 126 152 170 334
Coker Light 51 43 6 1 1 78 71 74 12 1800 94 109 164
Butane 100 0 O O O 94 9 92 60 0 31 31 31
MTBE w | e= es = == = 114%* 90* 102* 8 0 135 135 135 :

— = J15* 88* 77* 2 172 172 172 -

EtCH . - m- -

® Octane'values for neat oxygenates are presented here for general
comparison purposes. These values do not represent octane performance
wvhen blended with hydrocarbons.

Source: (a) Chevron Research and Technology Company, "Presentation to CEC"
Richmond, CA. January, 1990, and (b) information provided by
Bechtel Corporation.

-0-
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b.

In cooperation with California refiners, the ARB has been collecting
detailed data on the chemical composition and physical properties of
California gasoline. The program, referred to as the Voluntary Gasoline
Properties Reporting Program, was initiated late last year. Data have been
reported by most of the refiners in California during the period from
January 1991 through June 1991.

To estimate the average properties and composition of California
gasoline, the ARB provided monthly summaries of the data to the California
Energy Commission (CEC) on a confidential basis. The CEC then calculated
weighted monthly averages using data reported to them pursuant to the
Petroleum Industry Information Reporting Act (PIIRA). The production data
were not provided to ARB because of confidentiality requirements of the
PIIRA. Since only the total unleaded gasoline is reported.to the CEC, the
ARB provided the CEC with splits of premium gasoline versus unleaded regular
gasoline based on surveys conducted by the ARB in 1986. 1In addition to the
weighted monthly averages, the CEC calculated average winter (January,
February), average summer (March, April, May, and June), and overall
dverages for premium gasoline, unleaded gasoline, and total unleaded
gasoline. These data are summarized in Table II-9. Figures II-1 through
II-4 present the monthly data for RVP, sulfur, olefins, and total aromatic
hydrocarbons. '
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Table II-9

Voluntary Gasoline Data Reporting Results
(weighted average by gasolinc component)
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Figure II-1

WEIGHTED AVERAGE REID VAPOR PRESSURE
GASOLINE SOLD IN CALIFORNIA
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" Fiqure II-2

WEIGHTED AVERAGE SULFUR CONTENT
GASOLINE SOLD IN CALIFORNIA
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Figure II-3

WEIGHTED AVERAGE TOTAL AROMATIC HC
GASOLINE SOLD IN CALIFORNIA
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D.  IMPACT OF GASOLINE PROPERTIES ON EMISSIONS

The Reid vapor pressure (RVP) 1s a measurement of gasoline xolati]ity
and 1s defined as the abso]lute vapor pressure of gasoline at 100
RVP. Gasoline RVP must be above a certain value to ensure that gasoline

vaporization is sufficient to ensure acceptable performance during cold

weather operation. The reduction in gasoline volatility, achieved by
reductions in RVP, will result in reductions of motor vehicle evaporative %

YOC emissions. Since 1371, evaporative VOC emissions have been reduced

significantly in California by lTimiting the maximum RVP of motor vehicle

gasoline to 9.0 pounds per square inch (psi) during the summer smog season.

~In September 1990 the Board adopted section 2251.5, Title 13, California
Code of Regulations, which reduced the summertime RVP limit from 9.0 to

7.8 psi. The 7.8 psi RVP limit will become effective during the RVP season

(March through October) in 1992.

At the September 1990 public hearing, General Motors recommended that
the gasoline RVP be reduced further based on the potential for additional
reductions in evaporative emissions. At that time, the staff did not concur
with General Motors' recommendation because of concerns that fuel RVP
reductions may have an adverse impact on exhaust emissions, or on the
driveability of vehicles during cold weather conditions or in the warm-up
mode. Insufficient volatility during cold starts may result in difficulties

efficiency during the cold-start mode could result in excessive carbon
monoxide and volatile organic compound exhaust emissions. Therefore, the
staff proposed the 7.8 psi RVP limit as part of the Phase 1 reformulated
gasoline specifica@ions because analysis of the existing data available to

vehicle performance. However, because additional evaporative emission
benefits can be achieved by further reductions in RVP, staff agreed at the
September hearing to conduct, in cooperation with affected industries,
additional studies on the effects of further lowering gasoline RVP.

Staff believes that although RVP is a good indicator of fuel
volatility, it can be a poor predictor of vehicle driveability. If low RVP
gasoline is produced in an integrated refinery configuration by changes
across the whole gasoline distillation range, the low RYP values would not
affect vehicle driveability. In that case, to accurately predict vehicle
driveability, the distillation characteristics of the fuel are needed as
given by the temperatures at which 10 percent (T10), 50 percent (T50), and
30 percent (T90) of the fuel is distilled. A CRC study also evaluated
vehicle driveability and has found that vehicle driveability.is more related
‘to T50 (see Figure II-5) than to RVYP. 1In the process, they developed a
driveability index which they believe sufficiently describes the behavior of
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- the distillation properties of the fuel as related to vehicle driveability.
The Driveability Index (DI) is expressed as: - *

Driveability Index = 1.5%(T10) + 3*(T50) + T90

Generally, the performance of automobile engines will improve when |
operated on gasolines with low driveability indexes. That is, the lower the
gasoline DI, the better the engine will perform. A refiner can decrease the

‘gasoline's DI by making the gasoline more volatile through its entire
distillation range. Such an approach would improve the ability of the fuel
to vaporize and create a more homogeneous air-fuel mixture during the cold-
start mode. This in turn wil) improve combustion and reduce exhaust YOC
emissions. It is possible that even at low RVPs, reductions in the
driveability index could be sufficient to allow motor vehicles to operate
without excessive cold-start/warm-up emissions.

This hypothesis was tested during a cooperative research venture
conducted by General Motors, Western States Petroleum Association, and the
Air Resources Board (The GM/WSPA/ARB Volatility Study). 1In this study, a
matrix of fuels was selected and tested on different vehicle technology
classes to determine the independent impacts of DI and RVP changes on
exhaust emissions. Four fuels were tested which were created in a balanced
refinery configuration and had RYP values of about 7.8 and 7.0 psi -and DI
values 9f‘about 1020 and 1090. These fuels were tested against a baseline

Based on preliminary results from GM/ARB/WSPA Volatility Study, the
staff has calculated the percent differences in YOC, CO, and NOx emissions
by vehicle groups. The percent differences in emissions were obtained by
comparing the vehicle exhaust emissions from vehicles operating on fuels
- with various RVP and DI to the emissions from the same vehicles operating on
the baseline fuel. The resulting percent differences in emissions are
presented in Table II-10. The results presented in these table indicate
that there are significant reductions in VOC, CO, and NOx exhaust emissions
when gasoline DI is lowered together with RVP. These results are similar to
results from the Auto/0il, Unocal and ARCO studies if one considers that DI
reductions in this study are achieved solely through reductions in T50 and
T90. The results shown in Table II-10 could also be looked at as'

representing the combined effects of T50 and T90 on exhaust emissions.

To further analyze the effects of lowered RVP, the staff plotted the
average percent differences in emissions and the 95 percent confidence
limits when RVP and DI are lowered together and when RVP is lowered at a
constant low DI. The percent differences in exhaust emissions when RVP is

reduced from 7.8 Bo 6.8 wha"le DI is lowered from 1199 to 1099 at two test
temperatures (50 °F and 75 F) are shown in Figure I1I-6 and Figure II-7. The

percent differences in exhaust emissions when RYP ia loweredofrom 7.8 to 6.8
at DIs of about 1095 and at test temperatures of 50°F and 75°F are shown in

Figure II-8 and Figure II-9. Figures II-6 and II-7 show that for most of
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Table II-10

AVERAGE PERCENT DIFFERENCES IN EXHAUST VOC EMISSIONS
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Figure II-8
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Figure II-9
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the vehicles tested, lowering RVP and DI together will decrease exhaust
emissions. Figures II-8 and II-9 compare the effects of RVP changes from
7.8 to 6.8 psi when DI is held constant a value of 1096. These figures show
that there are small increases in VOC emissions when RVP is reduced, which
seems to indicate that at a DI of about 1090 higher exhaust emission
reductions can be achieved by a 7.8 psi RVP rather than from a 7.0 psi RVP.
However, the changes in exhaust exhaust emissions are not statistically
significant, and will most likely be out-weighed by the evaporative emission
benefits resulting from reducing RVP to 7.0 psi.

Preliminary results of this study, shown in Table II-10, confirm the
hypothesis that the RVP can be reduced to 7.0 psi without causing a
significant increase in exhaust emissions, with proper -control of the DI.
Because reductions in RVP are needed to achieve reductions in evaporative
emissions, reductions in DI are necessary to eliminate any adverse impacts
of RVP reductions on exhaust emissions. Additional benefits of controlling
; ' atures are discussed in the next

eleven carbon atoms and exhibits a wide boiling temperature range. A
typical gasoline distillation curve, shown in Figure II-10, shows the
percentage by volume of the gasoline that is volatilized at a given
temperature and characterizes the tendency of the gasoline fuel to vaporize
(volatility). The ASTM has established distillation point criteria

(Table II-4) which vary with the area and the season and is based on
ensuring adequate motor vehicle performance. The “front end" volatility of
gasoline is the temperature at which 10 percent of the fuel evaporates (T10)
and 1s important because it is related to cold-start, and vapor lock (hot-
‘weather problem). The temperature at which 50 percent is evaporated (T50)
has been related to short trip fuel economy, warm-up and cool weather
driveability. The “back end" volatility expressed by the temperature at
which 90 percent of the fuel is evaporated (T90) has been related to engine
deposits and engine oil dilution. '

. Investigators looked at the effects of changing gasoline's distillation
distribution on emissions by either changing individual distillation points
such as T50 and T90 or by changing a distillation index such as the
driveability index. The results of the GM/WSPA/ARB study discussed in the
previous section in detail indicate that OI ig important for the control of
exhaust emissions. |
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The effects of reducing DI on exhaust VOC emissions has also been
evaluated by Chevron Research. 1In a four program study, Chevron has

evaluated the effects of DI reductions on different vehicle technologies.
They @ave concluded that DI impacts exhaust emissions by affecting the cold
trqns]ent phase of the federal test procedure (FTP) but no significant vOC
emissions effects were found on the hot-transient phase. This conclusion
strengthens the argument that the DI effect on VOC emissions is a cold
§taft, warm-up phenomenon. Chevron's statistical analysis of the data
indicated that exhaust volatile organic compounds decreased in a non-linear

fashion with decreasing DI down to about 1100. Figure II-11 qraphic
presents the results of the Chevron study. ] graphically

Ejgure II-11

QUADRATIC REGRESSION OF THE AVERAGE PERCENT
DIFFERENCE IN FTP HC EMISSIONS BASED ON INDOLENE AND
LA AVG WITH 95% CONFIDENCE INTERVALS,
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The DI can be reduced from the current levels of about 1200 by reducing
the T10, 750, and/or T90 distillation temperatures at the same time.
Because the proposed RVP 1limit of 7.0 psi would constrain the front end of
the gasoline volatility, it would limit the ability to change T10.
Therefore, a refiner would have to reduce the T50 and T90 distillation
temperatures to change the DI. The addition of the oxygenates in the fuel
will reduce T50 values (Figure II-12) and help refineries in reducing DI,
but oxygenates affect only slightly the T90 distillation temperature. To
reduce 790, a refinery would need to separate the heavy hydrocarbon streams
in the T90 distillation range and exclude them from their gasoline pool.
The staff evaluated the benefits of reducing DI and the need for specifying
limits on T50 and T90 independent of DI, as well as the possible impacts of
such limits on the exhaust emissions. The staff's analyses indicate that
specifying limits on T50 and T90 would be sufficient to exercise control
over DI and at the same time allow flexibility to gasoline producers.

a. Impacts on Emissions of Changing the T50 Distillation
- Temperature o

~1n a experimental set-up, Toyota has looked at the effects of T50 on
throttie time response of port-fuel injected engines during the warm-up mode
because it is believed that throttle response would affect he emissions
performance of the engine. They have found that even an 18°F decrease in

T50 makes a significant improvement in throttile response time during the
warm-up period. Although, the Toyota data indicate that reducing T50 below
2127F, does not have significant benefits in throttle response time, the

emjssjons test data collected by the same program indicate decreases in VOC

In an another study, Unocal Corporation tested an extensive fue] matrix
- which included T50 as one parameter. The Lests were done on a number of
post-1980 vehicles, and the study concluded that T50 reductions would result
in reductions of both the VOC and carbon monoxide emissions. The results of
Unocal's study are shown in Figures II-14 and II-15. '

In order to evaluate the sensitivity of emissions to T50 changes, staff
have used the Unocal regression equation (See Appendix 11) and assumed a
~baseline fuel that has Phase 1 gasoline properties. That fuel was evaluated
against Phase 2 gasoline with different T80 values. Table II-11 shows the
results of staff's sensitivity analysis. | -
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Fiqure II-12
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PERCENT CHANGE FROM A/O RF-A
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PERCENT CHANGE FROM A/O RF-A
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" Table II-11

Sensitivity Analysis of T50 Changes on Exhaust Emissions
Using Unocal Regression

Percent Emissions Change-Current Yehicles

180 (°F) HC co NOx
240° | +25.8 +13.1 0
230° «16.6 + 8.4 0
220° . 7.4 + 3.7 0
210° - 1.8 - 0.8 0
200° -11.0 - 5.6 0
190° _ -20.3 -10.3 0
180° -29.5 -14.9 0

source: ARB/SSD.

The results of the gnalysis shown in Table II-11 indicate that the
proposed standard of 210°F would result in small decreases in YOC and CO

emigssions from the baseline gasoline which has an average T50 value of
¢l2”F. The proposed standard can be viewed as a cap on the T50 value at the

current average level.. The staff expects that refiners would have to

consider the reproducibility of the test mgthod and therefore have to
produce a fuel that has a Tb0 of about 200“F in order to meet the standards.

Staff expects benefits would be about 10 percent for VOC and about six

percent for CO could pe achieved. An argument can be made of having a
standard of about 200°F which would result in an actual T50 value of 190°F |

wit@ resulting higher VOC and CO emission benefits. However, the staff
believes that such a limit would make the front end of the gasoline more
volatile, and would make it more difficult and more expensive for the
refineries to meet the RVP limit.

b. Impacts on Emissions of Changing the T90 Distillation
Temperature

The effects of T90 on exhaust and evaporative emissions cannot be
easily isolated from changes in other fuel parameters such as changes in the
aqomatic hydrocarbons content or the DI. To meet the aromatic hydrocarbon
1imit, a refinery would implement either volumetric reductions in streams
that contribute to the aromatic hydrocarbon content of the gasoline pool
such as reformate or reductions in the aromatic HC content in these streams.
To reduce the aromatic hydrocarbons would require the treating of the

~2B-
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blendstocks that contain aromatic hydrocarbons in order to reduce or
separate the aromatic hydrocarbon components. This approach could reduce
the heavy aromatic hydrocarbon component of the gasoline pool which would in
turn result in reductions of T90 in the gasoline fuel. Conversely, reducing
the TS0 would require removal from the gasoline pool of components in the
190+ distillation range. Because the heavy aromatic hydrocarbons are in
this range, reductions in T90 would create significant changes in aromatic
hydrocarbons, especially heavy aromatic hydrocarbons. Because heavy ,
aromatic hydrocarbons have high combustion temperatures and high reactivity,
they are an important component of the total aromatic hydrocarbons. Total
aromatic hydrocarbons also contribute to both exhaust reactivity and NOx
emissions. Reductions of T90 could also be envisioned as reductions in the
“back-end” of the gasoline volatility which would make the fuel more .
volatile, and would improve fuel vaporization and the air-fuel mixing. It

is possible that T90 reductions reduce VOC emissions in the exhaust by both

improving the fuel vaporization and by reducing species such as heavy
~aromatic hydrocarbons that have an adverse impact on the reactivity of the

exhaust emissions.

The Auto/0i1 study has evaluated the impacts of T90 reductions on VOC
reactivity and on VOC, CO, and NOx emissions. This study concluded that 790
reductions would result in exhaust VOC emissions reductions for both current
-~ and older vehicles but that T90 reductions would have some marginal adverse
effects on both CO and NOx emissions. The Auto/0il work indicated that T90
reductions would benefit exhaust reactivity. The study also found
significant interaction effects between T90, olefins, aromatic hydrocarbons,
and MTBE content. The Auto/0il group, in a new program that is starting
soon, plan to further investigate the effects of 790.

The staff used the results of the Auto/0il study and evaluated the
impacts of reductions in T90 by conducting a sensitivity analysis on exhaust
emissions. The results of staff's analysis for all vehicle groups are shown
in Table II-12. Appendix 12 documents the regression equations.

Table II-12 shows the emissions reductions from a baseline gasoline
which meets the Phase 1 gasoline specifications to a gasoline that would

meet al]oother Phsse ¢ gasoline properties but has T90-values which vary
from 330°F to 290°F. This analysis indicates that reducigg T90 from 330°F,

which is the current level of California gasoline, to 300°F would reduce VOC
emissions from both the new and older vehicle groups and it would slightly
increase NOx and CO. |

From the results of the above discussed sensitivity analysis and data Rt

available grom other studies, it appears that the most appropriate value for
T90 is 300°F. Staff expects that refiners, in order to comply with the
proposed standard, would need to produce fuel with a T90 of about 290°F.

.This is a level at which VOC emissions benefits for current vehicles are
maximized but NOx and CO increases remain almost neutral. A further -
reduction in T90 would achieve higher VOC benefits but it would increase NOx

and CO emissions.
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Table II-12

Sensitivity Analysis of T90 Changes
on Exhaust Emissions Using Auto/0i1 Regression Equations

u a » L & = -
=[] R{l¢C H J T N EeUL O O . OrNNl1aea ba

{F) | HC €0 NOX HC _

330° | - 16.4 - 22.7 - 3.0 - 8.8  -19.1 - 10.5
320° -19.8 - 22.4 -2.1 - 9.7 -17.6 - 10.2
310° -23.0 -22.0 ~-1.2 -10.6 - 16.1 - 10.0
300° - 26.0 -21.7 -0.4 114 - 14.6 - 9.7

290° - 29.0 -21.4 4+ 0.5 -12.3 -13.0 - 9.4

Source: ARB/SSD

The sulfur present in gasoline has been associated with many negative
effects. Before high priority was placed on reducing vehicle emissions, the
greatest concerns were related to the corrosive effects of sulfur on engine
components. As environmental deterioration became recognized as an '
important concern and the public became more aware of this damage, reducing
the emissions of sulfur dioxide, a precursor to sulfates, particulate
matter, visibility reducing particles, and sulfuric acid became a major
issue. | @ |

In the late 1970's there was a great deal of concern about sulfur
dioxide emissions from gasoline motor vehicle engines being converted to
sulfates and sulfuric acid by the oxidation catalysts which were then being
installed on motor vehicles. The converstom was occurring at high rates
because the oxidation catalysts required highly oxidizing atmospheres. With
the advent of three-way catalysts, and the lowering of excess air levels, |
the concern shifted to the effects of fuel sulfur on catalyst activity.

a. Catalyst Deactivation

Catalytic éonverters consist of substrates coated with active'catalyst
material, usually platinum, palladium, or rhodium. Two important properties
of catalytic converters are high catalyst activity and long catalyst life.
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Oxidation catalysts function by oxidizing CO and VOC, and are optimized by
setting the fuel mixture to lean, or by adding air after -the engine, but
before the catalyst. Reduction catalysts are optimized by limiting the
excess air, allowing the reduction of oxides of nitrogen. Dual-bed catalyst
systems place a reducing bed, where the excess air is limited for reduction
of oxides of nitrogen first, followed by air injection and then the
oxidizing bed. Three-way catalysts operating with closed loop control .
systems have proven to effectively decrease CO, VOC, -and NOx, and operate in
a narrow band of air-fuel ratio around stoichiometric. For the foreseeable
future, it is expected that some form of improved three-way catalyst using a
closed loop control system will be utilized on gasoline-powered vehicles.

The sulfur in the fuel would produce sulfur species in the exhaust such
as hydrogen sulfide, sulfur dioxide, and sulfur trioxide. Formation is
dependent upon the equivalence ratio and temperature. Interaction between
these species and the exhaust catalyst most likely would induce adsorption
and storage of sulfur, especially during lean conditions. It is believed
that rich transient conditions would induce decomposition of the sulfur into
gaseous phase as hydrogen sulfide.

In a paper presented at the Coordinating Research Council Reformulated
Gasoline Workshop of March 26, 1991, Monroe et al, discussed catalytic
deactivation of three-way catalysts by sulfur in the fuel. Among their
conclusions were that feed sulfur reduces the performance of the catalysts,
and that the level of impact is related to the sulfur concentration. The
noble metals were found to be poisoned by the sulfur, though catalyst
activity was found to recover when sulfur was removed from the feed.

‘Results of testing for the Auto/0il1 study support the above findings.

In the Summary of Auto/0il1 Air Quality Improvement Research Program,
Teghnjcal Bulletin No. 2, - - - on M: )

¢ ¢ . 3
Emissions, two fuel sulfur levels were tested in ten 1989 model vehicles.
Certification gasoline with a low sulfur content of 49 ppm was used as the
base low-sulfur fuel, and di-tertiary-butyl disulfide was added to the above
gasoline to create the high sulfur fuel of 466 ppm sulfur. The low sulfur
fuel represents the 10th percentile, and the high sulfur fuel the 65th
percentile for commercial summertime gasoline. The use of high sulfur fuel
increased the average mass exhaust VOC, CO, and NOx emissions 16 percent, 13
percent, and 9 percent, respectively, from the levels experienced when the
low sulfur fuel was used. The results were determined to be significant at
the 95 percent confidence interval. Decreased catalyst activity was
determined by this study to be the cause of the higher emissions experienced
with the high sulfur fuel. This conclusion was supported by the fact that
no significant differences were found between engine out emissions at the
two sulfur levels.

The decrease in catalyst activity was found to be immediately
reversible when the use of high sulfur fuel was discontinued and low sulfur
fuel was used. The short duration of the test prevents conclusions about
the effects of long term high sulfur fuel use on catalyst activity, and the

reversible nature of catalyst deactivation from the use of high sulfur fuel. .

Though the poisoning reactions have been shown to be ultimately reversible,
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some catalyst “memory“ effects have been noted. In Phase II of the Auto/0il

.~ study on sulfur effects, different sulfur compounds will -be evaluated as

well as multiple concentrations of sulfur, from 50 ppm to 450 ppm.

4, Oxygen Content

The addition of oxygenates in the gasoline fuels is expected to have
different effects on exhaust emissions for different vehicles and the
effects would depend on the vehicle's fuel control and emissions control

- system.

Older non-catalyst vehicles run typically lean. The addition of
oxygenates in the fuel would further eniean the air-fuel mixture which would
result in some carbon monoxide reductions. But the further enleanment of
the air-fuel mixture could produce higher VOC emissions because of poor
combustion. Open-loop vehicles are usually calibrated to run richer than
stoichiometric and enleanment resulting from the presence of oxygenates in
the fuel would result in VOC and CO emission reductions accompanied with
possible increases in NOx emissions. Closed-loop vehicles are expected to
be affected by the presence of oxygenates only when they are operated at
open-loop, warm-up, and full power modes. The effect of oxygenates at those
times would be similar to the effects on the open-loop vehicles which are
VOC and CO emission reductions followed by NOx emission increases. It is
believed that at other times, the closed-loop system/adaptive learning
vehicles would have the capacity to compensate for stoichiometric .
differences between oxygenate blends and gasolines. Therefore, the effects
of oxygenates on VOC, CO, and NOx emissions would be less pronounced.

Staff also expects that for al] catalyst-equipped vehicles and for CO
and YOC emissions during warm-up mode, the emission differences between
gasolines and oxygenated-blends will be smaller when the exhaust goes
through a functioning catalytic system. In the past, the effects of the
oxygenates in emissions were pronounced because only small volumes of
~oxygenates were blended in the fuels. However, in the future, the ,
reformulation of the other properties of gasolines would necessitate the use
of oxygenates not only because of their emissions reductions potential but
also as gasoline blending components in order to maintain gasoline quality
and volumes.

First, the octane rating of gasoline would be affected by the proposed
limits on RVP, aromatic hydrocarbons, and olefins content. The proposed RVYP
1imit of 7.0 psi would result in the total elimination of butanes and
possible reductions of pentanes from the gasoline pool with the associated
loss of octane and volume value. Oxygenates with their high octane values
are ideal for replacing butanes lost through RVP reductions. Also,
reductions in the aromatic hydrocarbons of the fuel would result in
significant reductions in gasoline octane value because aromatic
hydrocarbons is the most significant source of octane in the gasoline pool.
Table II-13 shows the octane values and RVP of ethers, alcohols, and various
other gasoline components.
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Figure II-16 also shows the incremental octane-gains of adding alcohols
and ethers in gasoline fuels. . It is apparent from this figure that gasoline
octane increases are dependent on the base octane of the gasoline fuel and
the lower the base octane value -the higher the incremental octane benefits
can be achieved by the addition of oxygenates. |

Another important benefit of the use of oxygenates in the gasoline fuel
1s the effect of oxygenates on the gasoline distillation characteristics of
the gasoline. . Gasoline distillation and especially T50 ‘is important for the
emissions performance of the fuel because it is used to control both hot and
cold start driveability. The lower the T50 the better the fue] performance
will be during cold engine operation. As shown in Table II-14, from all the

gasoline blending components used iB premium gasolines, only butanes, MTBE,
and ethanol have T50 lower than 210°F. The removal of butanes for

controlling RVE would necessitate the use of MTBE or ethanol for reducing
T80 to the 210“F level. ' -

o Table II-13

Gasoline Related Properties of Ethers, A]cbhols. and Gasoline Components.

——Loncentratijon
Oxygenate
| - Blending QOctane RVP ‘Concent. Oxygen
Ethers RON ~ MON (psi) {Yol%)  _(wt. %)
MTBE . | 118 102 7.8 11 2.0
ETBE 119 112 4 12.7 2.0
TAME 112 99 1.5 12.4 2.0
Alcohols . o
EtOH 120-135 100-106 2.3 5.7 2.0
MeOH 127-136  99-104 4.6 4.0 2.0
TBA 109 93 1.8 9.1 2.0
~ Aromatic HC 104-120 87-100 <5 NA -~ NA
Paraffins 95-125 79-96 Vary NA NA
N-Butane 94-101 87-98 b5 -~ NA NA

Source: W. J. Piel, "Technical Benefits aof MTBE and Other Fuel Ethers®,

1989; API Publication 4261: "Gasoline Octane Enhancement™, U.S.
Dept. of Energy, 1985
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Figure II-16

Effect of Base Fuel R+M on Incremental Octane Gain for Various Oxygenates.
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Table II-14 -
Comparison of RVP, Octane, and T50 for Various
' ‘High Octane Gasoline Blendstocks

Blending

Gasoline Octane Blending 150
Blendstocks (R+M) RVP (°F)

| | 2 (psi) | .
Reformate 92 5 270° ' |
Heavy Reformate 95.5 2 3100
Alkylate 92 7 | 225D
Toluene - 103 e +2300 . -
Butane 94 55 310
MTBE 113 8 131D
EtOH . '“ 108 * 2.3 173
Phase 2 Limits _ 7.0 210°

m

Source: W.J. Piel, “"Technical Benefits of MTBE and Other Fuel Ethers,*
1989.;API Publication 4261. -

Figure II-17 shows the effects of MTBE and EtOH on the gasoline

distillation characteristics. It is apparent that the addition of MTBE, and
ELOH produce significant T50 reductions.

- However, two important differences exist between MTBE and ETOH, the two
types of oxygenates that have been historically used as gasoline
~blendstocks; their differences in the heat of vaporization and their
different effects on RVP. As it is shown in Figure II-18, alcohols together
with aromatic hydrocarbons have significantly higher heats of vaporization
than ethers, paraffins, or clefins. This means that in a cold engine the

heat required to vaporize gasoline fuel containing ethanol is higher than
wl:nen ethers are present which in effect supercools the air and makes it more
difficult to vaporize the higher boiling portion of the fuel. The resulting

incomplete vaporization leads to incompliete combustion with higher VOC
emissions. | |

The second notable difference between MTBE and ethanol is their
difference on the effects on RVP. Unlike ethers, lower boiling point
alcohols such as methanol or ethanol form azeotropes with lower boiling
point hydrocarbons, and the azeotropes of hydrocarbons with the alcohols |
would have a boiling point nearer to that of the pure hydrocarbon. Because W
of this effect, the addition of alcohols to gasolines would create mixtures
that have vapor pressures higher than the vapor pressure of the gasoline
portion of the mixture. For example, the addition of 10 percent ethanol to
-a gasoline fuel could create an increase of about one Ps1 in vapor pressure
- as measured by the Reid vapor pressure test method. |
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Fiqure II-17

,ASTHM Distillation Curves for Three Fuels
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In summary, the addition of oxygenates in the fuel is needed to
facilitate meeting the requirements of the reformulated gasoline. The
presence of oxygenates in the fuels benefits CO emissions but depending upon

~concentration and the type of vehicle could result in benefits or
disbenefits on VOC and NOx emissions. The different oxygenates are also
important because of the different effects on distillation, RVP, and
combustion performance. |

5.  Dlefins
Olefins (alkenes) are a class of HC having one or more double bonds .
which are mostly created by the refining process of cracking napthas or -

~other petroleum fractions at high temperatures. The ARB in the past paid
attention to limits on the olefins content of gasoline fuels because olefins
have high ozone reactivity potential and contribute to the reactivity of the

~evaporative and running loss emissions. New information has recently become
available on their contribution to exhaust emissions because of the olefins’
effects on NOx formation. It is believed that because olefins have
combustion temperatures higher than other saturated hydrocarbons their
presence 1n the fuel would contribute significantly to NOx formation.

The importance of olefins on exhaust emissions was evaluated by the
Auto/0i1 study where olefins was one of the fuel parameters being studied.
The results of the Auto/0i1 study indicate that olefins reductions from
20 percent to 5 percent result in NOx reductions for both current and older
vehicles but in VOC increases for both older and new vehicles. Another
study conducted by Unocal Corporation confirmed the Auto/0il benefits of the
olefins reductions. In addition, the results of the Unocal study show some
benefits on VOC emissions. An ARCO analysis of the Auto/0il1 data confirms
the NOx benefits of olefins reductions but contributes it to reductions in
C3 - C5 olefins. Olefins with carbon numbers 3 through b5 are the highest
reactive olefins of the olefinic species and represent a small component of
the gasoline's olefinic pool. The staff has evaluated the impacts of
olefins reductions on total exhaust emissions by using the Auto/0il
regressions. The results of the staff's sensitivity analysis of changes in
olefins content are shown in Table II-15. |

The base gasoline for the analysis shown in Table II-15 is Phase 1
gasoline. The table shows emission changes from the base case gasoline ta
gasoline fuels that meet the proposed properties of Phase 2 gasoline hut
have olefin values varying from 15 percent to 5 percent by volume.

The results of the analysis shown in the above table indicates that ¥
clefins reductions from the current levels of 10 percent to 5 percent would |
result in small benefits of NOx emissions for both the current and the older
vehicle fleet. Emissions of HC would slightly increase and emissions of

- carbon monoxide would decrease. .
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Table II-15

Sensitivity of Exhaﬁst Emissions to Gasoline Olefin Content

& - . " & - -
ar (N ¢ 1 ons Redt oJs om_C& ornia Ba

Olefins —_Current Vehicles —(Older Vehicles

{Yol, %) YOG C0 NOX YOC o NOX
15 o - 27.8 -21.0 - 2.7 - 14.9 -12.7 - 5.9
10 - 27.0 -21.4 -1.2 - 13.2 -13.6 - 7.8
5 - 2.0 -21.7 -0.4 - 11.4 -11.4 - 9.7

Source: ARB/SSD

6. Aromatic Hydrocarbons

~ Aromatic hydrocarbons are hydrocarbons that contain one or more benzene
rings and are a significant source of octane in the gasoline pool. Their

presence in the fuel has been connected with the formation of NOx, HC, and
tox]c e@issions in the exhaust. Because NOx production in a combustion
engine 1s a time-temperature phenomenon and because aromatics have higher

carbon content than other gasoline components, they have higher combustion
temperatures. Therefore, their presence could increase engine-out NOXx

emissions. In addition, higher aromatic hydrocarbons levels in the fuel
would result in higher aromatic hydrocarbon levels in the exhaust because
the VOC composition of the engine-out emissions follows closely the fuel
composition. It is expected that the presence of aromatic hydrocarbons in
the exhaust could have an adverse impact on the reactivity of the exhaust
emissions because some of the aromatic hydrocarbon components and especially
heavy aromatic hydrocarbons (C8 + aromatic hydrocarbons) are highly
reactive. However, the effects of fuel aromatic hydrocarbons on the VOC and
NOx exhaust emissions could be masked by the presence of the vehicle
emission control system. The effectiveness of catalysts on hydrocarbon
destruction varies from compound-to-compound. It is possible that aromatic
hydrocarbon compounds have different destruction efficiency than other
hydrocarbons and therefore tailpipe emissions could be affected differently
by different catalytic system technology. Because of these reasons, it is
possible that when emissions from different emissions control technology

vehicles are examined the effects of the fuel aromatic hydrocarbons on the
tailpipe VOC emissions appear diffgrent.

Investigators in a number of studies have looked at the effects of fuel
aromatic hydrocarbons on exhaust emissions. First, the Auto/0i] study has

~evaluated the impacts of fuel aromatic changes on two groups of vehicles:
Group A which is composed of current technology, and Group B which is

-38-

CX5-043




composed of older technology vehicles. This study concluded that reductions
in fuel aromatic hydrocarbons have a marginal adverse effect on NOx
emissions for the new vehicle group but a statistically significant
beneficial impact for the older vehicle group. The same study also shows
that fuel aromatic hydrocarbons reduction has a weak benefit on YOC
emissions for the new vehicle group and an adverse impact for the older
vehicle group. However, a very important finding of the Auto/0i1 study is
that the interaction effects between aromatic hydrocarbons and other fuel
parameters such as T90, olefins, or MTBE could reverse or strengthen the
benefits of changes in the fuel aromatic hydrocarbons content. The
interactions are critically important because from a refinery perspective a
reduction in the fuel aromatic hydrocarbons content could also involve
significant changes on T90 or the olefins content and could increase the -
need for the addition of oxygenates in the fuel. The parameter interaction

effects are important from the staff's perspective because in order to

optimize the fuel's emissions behavior the synergistic effects of changing

other fuel properties together with aromatic hydrocarbons must be evaluated.

Second, in a number of studies, the Chevron Corporation (Chevron) has
also investigated the emissions effects of changing fuel aromatic
hydrocarbons by testing fuels composed of 10 percent, 20 percent, and
30 percent by volume aromatic hydrocarbons on a number of current and older
technology vehicles. These studies have also looked at the effect of
changes in the distillation characteristics of the fuel in addition to
changes in the aromatic hydrocarbons content. In summary, the Chevron
studies did not find any statistically significant effect of fuel aromatic
hydrocarbons on vehicle exhaust emissions.

‘A common difficulty in both the Auto/0il and the Chevron studies arises
from the methodology that was used to change the aromatic hydrocarbons -
levels in the test fuels. 1In both studies certain aromatic hydrocarbons
streams were added or removed to make the necessary fuel changes in an
attempt not to affect other fuel properties. However, in a real balanced
refinery situation the changes in fuel aromatic hydrocarbons would
necessitate other changes in fuel properties which were difficult to
incorporate in the design of the Auto/0il or the Chevron fuels.

In a third study conducted by ARCO, the fuel aromatic hydrocarbons
content evaluated as one of the fuel parameters by testing a number of
current technology vehicles. The ARCO fuels were made in a balanced
refinery configuration where aromatic hydrocarbons reductions were followed
by the necessary changes in other fuel properties. The fuels had a low
sulfur and olefins content, and incorporated the use of MTBE. The ARCO
generated fuels evaluated the fuel aromatic hydrocarbons levels of about %
10 percent, 20 percent, and 30 percent by volume at two different Reid vapor
pressure (RVP) levels. The results of this study indicate that the
aromatic hydrocarbons reduction combined with changes in other fuel
. properties could result in significant reductions of YOC, CO, and NOx | .
emissions. ARCO staff has also evaluated the Auto/0il1 data and developed
their own correlations which are different from the Auto/0i} correlations
and which indicate that aromatic hydrocarbons and especially heavy aromatic
hydrocarbons have a significant impact on carbon monoxide and VOC emissions.
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The staff evaluated the effects of different levels of fuel aromatic
hydrocarbons by using the results of the Auto/0il and the ARCO study on a
combined emissions analysis for both the older and the new vehicles. The
results of the staff's sensitivity analysis are shown in Table II-16.

Table II-16

Sensitivity of Exhaust Emissions
to the Aromatic Hydrocarbon Content in the Fuel

-1 H O ReC o)4 M @ B¢

Aromatic ___Current Vehicles | D1der Vehicle: :

Hydrocarbons (%) YOC NOx
35 - 23.1 -17.0 -2.1 - 18.3 - 14.6 - 5.4
30 - 24.6 - 19.4 - 1.2 - 14.9 - 14.6 - 7.6
25 - 26.0 - 21.7 - 0.4 - 11.4 - 14.6 - 9.7
20 - 27.5 - 24.0 + 0.5 - 7.8 - 14.6 -11.8
15 - - 28.9 - 26.3 + 1.4 - 4.1 - 14.6 ~-13.8

Source: ARB/SSD

The staff's aromatic hydrocarbons sensitivity analysis shown in
Table II-16 assumes a California baseline fuel that complies with the
Phase 1 regulatory criteria and compares it with other fuels which have the
proposed Phase 2 Reformulated Gasoline properties but the aromatic
hydrocarbons levels varies from 35 percent to 15 percent by volume. Current
California gasolines have an average aromatic hydrocarbons level of about |
32 percent by volume. The staff's analysis indicates that the effect of
aromatic hydrocarbons reductions on emissions would depend upon the type of
vehicle. It appears that in older vehicles, the aromatic hydrocarbons
reductions could have NOx benefits and adverse impacts on VOC. In the
current vehicles, the aromatic hydrocarbons reductions would achieve overatll
reductions in the YOC and small increases in NOx.
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These emission reductions wil}l be obtained by reducing exhaust and
evaporative emissions from on-road mobile sources. Additional reductions
will be achieved by reducing evaporative emissions from other mobile sources
and petroleum marketing operations. The proposed specifications also will
reduce the reactivity of emissions. | '

In the first year of implementation, staff estimates that the Phase 2
gasoline specifications wil] reduce emissions from gasoline-powered motor
vehicles by about 15 percent for volatile organic compounds, six percent for
oxides of nitrogen, 17 percent for carbon monoxide, and B0 percent for
sulfur dioxide. Staff estimates that there will be about a six percent

mobile sources, and a 12 percent reduction in evaporative emissions of
volatile organic compounds from petroleum marketing operations. Overall, in
the first year of implementation, the Phase 2 gasoline specifications will.
reduce volatile organic compound emissions from all sources by four percent,
oxides of nitrogen emissions by about two percent, and carbon monoxide
emissions by about 10 percent. .

This Chapter presents the technical basjs for projecting the emission

reductions of volatile organic- compounds, oxides of nitrogen, carbon
monoxide, and sulfur dioxide from the use of California Phase ? reformulated

gasoline.
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A.  EMISSION REDUCTIONS FROM ON-ROAD GASOLINE-POWERED MOTOR VEHICLES
1.  Methodology

In summary, staff used the following methodology for determining the
reductions in emissions of volatile organic compounds, oxides of nitrogen,
and carbon monoxide that will result from the use of Phase 2 reformulated

gasoline.

Step 1. Separate the light duty passenger cars and trucks into
vehicle model year groups that reflect a dominant emission
control technology. Medium duty and heavy duty trucks are
included but are categorized simply as non- cata]yst or .
catalyst-equipped vehicles.

Step 2. For the groups of vehicles in any given year, calculate the
emission rates for running exhaust emissions. cold start
exhaust emissions, hot start exhaust emissions, hot soak

~evaporative emissions, d1urnal evaporative emissions, and
running losses.

Step 3. - Determine the vehicle activities of each vehicle group.
Yehicle activity is represented by vehicle miles travelled
(VMT), number of cold start trips, and number of hot start
trips, and is used to calculate the amount of running
exhaust emissions, cold start emissions, hot start
emissions, hot soak evaporative emissions, diurnal
~evaporative emissions, and running losses.

Step 4. Determine the baseline emissions for the vehicle groups.

Step 5. For the different vehicle groups, calculate emission
reduction factors for total exhaust and total evaporative
emissions. -

Step 6. Calculate emission reductions.

The following discussion presents the detailed information.

a. Step l-Breakdown of the Vehicle Groups

The vehicle fleet of any particular year is separated into groups
according to model years. The selection of the vehicle groups is based on
the prevalent vehicle emission control technology. For the purpose of this *
analysis, the vehicle fleet is separated into the following groups:
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Non-Catalyst Without catalytic converters

1975 - 1980 Open loop oxidizing catalyst: '

1981 - 1985 Early closed loop three way catalyst

1986 - 1990 Current closed loop three way catalyst

1991 - 1995 Closed loop three way catalyst

Post 1995 Includes vehicle certified on Phase 2 reformulated

gasoline and low emission vehicles
b.. Step 2-Determine Baseline Emission Factors

The baseline emissions factors are calculated with the EMFAC7EP
emission model. For different vehicles and different vehicle activities,
EMFAC7EP calculates a set of emission factors for volatile organic
compounds, oxides of nitrogen, and carbon monoxide. An emission factor is
an estimate of the rate at which a pollutant enters the atmosphere per unit
of activity (e.g. miles driven). '

EMFAC7EP produces emission factors that take into account the
implementation of .California phase 1 gasoline, low emission vehicles, the
new evaporative emission test procedure, and the reclassification of medium
duty vehicles. ' |

The types of emission factors produced by EMFAC7EP are listed below:

Ex] t Emission Fact
©  Running Exhaust Emission Factors

The running exhaust emission factor is expressed in grams per
mile. Running exhaust emission factors for volatile organic

compounds, .oxides of nitrogen, and carbon monoxide are determined
at an ambient temperature of 75 degrees Fahrenheit ("F) and

various speeds. Temperature factors are used to adjust the

ruBning emission factors for ambient temperatures other than
757F. These emission factors vary with vehicle speed and apply

after the vehicle is warmed up and in a stabilized mode of
operation. Running exhaust emissions includes emissions emerging
from the tailpipe or through the crankcase as engine blowby.

0 Cold Start Emission Factors

The cold start emission factor is expressed in grams per trip.
Cold start emissions occur from the time the engine starts, in
the cold start mode, until it is fully warm. Cold start mode
occurs after a long engine-off period, one or more hours for a
catalyst equipped vehicle and four or more hours for a non-
catalyst equipped vehicle. '
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0 Hot Start Emission Factors

The hot start emission factor is expressed in grams per trip.
Hot start emissions occur after a short engine-off period, less
than one hour for a catalyst equipped vehicle and less than four
hours for a non-catalyst equipped vehicle.

Both the cold start and hot start emission factors are modeled

in EMFAC as being the emissions that are in excess of the | "
emissions that would occur if the vehicle was driven in the )
warmed-up condition over a distance of 3.59 miles at an average

speed of 25.6 mph.

Emission factors are needed tfor hot soak losses, diurnal losses, and
running losses. These emission factors are described below.

0. ‘Hot Sbak Emission Factors

The hot soak emission factor is expressed in grams per trip, the
~ trip having any speed or length. Hot soak emissions are losses

of gasoline. vapor from the vehicle after the vehicle's engine has
- been turned off at the end of a trip. Hot soak emissions
originate primarily from the vehicle's fuel system and occur
immediately after the engine is turned off. In older vehicles
with carburetors, gasoline in the carburetor bowl vaporizes due
to the temperature increase in the carburetor. The introduction
of fuel-injected vehicles into the California market in place of

carbureted vehicles in recent years has resulted in reduced hot
soak emissions from newer cars.

Hot soak tgsting isocurrent1y performed at an ambient temperature
between 68°F and 86 F. The ARB's newly-adopted evaporative o
procedure will require hot soak testing to be performed at 105°F.

0 Diurnal Emission Factors

The diurnal emissions factor is expressed in grams per vehicle
per day. Diurnal emissions are evaporative emissions resulting
from the daily changes in the ambient temperature. 1In a
partially-filled fuel tank, the air-fuel mixture expands and
gasoline vapor is released into the atmosphere. '

/

Currently, tge test procedure for diurnal emission incorporates a
single 60-84"F heat build following a cold soak. This diurnal

test is performed over a one hour period during which the fuel
tank is heated, simulating a linear ambient air temperature
excursion. The new ARB test procedure requires: '
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* Real time diurnal testing to be perfdrmed over three days
consisting of three 24-hour cycles. |

* Diurnal heating to be performed by heating the ambient air in

the shed rather than by heating the fuel in the tank.

* A diurnal heat build of 65-105°F during each cycle followed
by a cool down period of 12 hours.

0 Running Loss Emission Factors

The emission factor for running losses is expressed in grams per

mile. Running losses are evaporative emissions that occur due to
gasoline vaporization while the vehicle is operating. The losses
occur as the vehicle's fuel tank temperature increases during

The new evaporative test procedure rEquires that the Eunning loss
testing be performed at an ambient temperature of 1057F,

cC. Step 3-Determine Vehicle Activity

The activities of a vehicle define how the vehicle is operated. The
activities of a vehicle are separated into vehicle miles travelled (VMT) per
day, number of daily trips, number of cold trips, and number of hot trips.
To determine the emissions by any given group of vehicles, it is necessary
to know the activities of the vehicle groups. The ARB uses aggregated
activity data and pro-rate the contribution of each mode] year by weighting
the fraction of each activity by model year through EMFAC's composite
emission factor. Thus, the emission factor accounts for a certain fraction
of each activity and when multiplied by the aggregated activity for a
vehicle class the emission inventory for that activity category is produced.

- d. Step 4-Determine the Baseline Emissions

Baseline emissions are defined as those emissions from vehicles
operating on Phase 1 reformulated gasoline. Baseline emissions of a :
particular group or fleet of vehicles in any given area are estimated by
multiplying the activities of the vehicles in the area by their emission
factors. For example, the running exhaust emissions of a group of vehicles
are determined by multiplying its EMFAC7EP running emission factor by its

daily VMT. The ARB determines the baseline emissions for different areas in
the state using the BURDEN computer model.

The baseline emissions are determined for the fleets of light duty

vehicles, medium duty vehicles, and heavy duty vehicles in the years 1996,
2000, 2005, and 2010. |

For the purposes of this analysis, staff has relied on the ozone
planning inventory. The ozone planning inventory for motor vehicle
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emissions is designed for those areas of the state that are not in
attainment of the state ambient air quality standard for .ozone. The ozone
planning inventory has been developed for most of California, since most
areas are not in attainment of the ozone ambient air quality standard. The
ozone planning emission inventory is based on the temperature of the ten
worst air quality days over the last three years.

e.  Step 5-Calculate Emission Reduction Factors

An emission reduction factor is the ratio of the amount of emissions
reduced from the baseline emissions to the baseline emissions. For the
purpose of this analysis, staff have developed emission reduction factors
for composite exhaust emissions, hot soak evaporative emissions, diurnal
evaporative emissions, and running loss evaporative emissions for each
vehicle group listed in Step 1, except for the post 1995 vehicles. Staff
assumed that past-1995 vehicles will be certified on Phase 2 gasoline;
therefore, no credit will be taken for reductions from these vehicles.

f.  Step 6-Determination of Emission Reductions

The reductions in emissions from each of the vehicle groups, for each
pollutant, are determined by multiplying its baseline emission inventory by
1ts emission reduction factor. ‘The total emissions reductions are
calculated for the fleet by summing the individual group reductions.

’ Ne=FOWereg Moto

2. T T NYEenLc ¢ JN-oag L 2P
The ozone planning inventory has been produced by separating listing
emissions for exhaust emissions of volatile organic compounds, oxides of
nitrogen, and carbon monoxide, and evaporative emissions of volatile organic
compounds. The evaporative emissions are separated into hot soak emissions,
diurnal emissions, and running loss emissions. The ozone planning inventory
for light duty vehicles, medium duty vehicles, and heavy duty vehicles for
all nonattainment areas and the South Coast Air Basin are presented in
- Tables III-1, III-2, and III-3 for the years 1996, 2000, 2005, and 2010.

For light duty cars and trucks within each of the nonattainment areas,
staff have classified the inventories for each year according to the
dominant vehicle technology group. Figures III-1 through III-3 graphically
show how emissions of volatile organic compounds, oxides of nitrogen, and
carbon monoxide change over time as a function of the dominant emission
control technology. The figures show that the dominant vehicle class in the
year 1996 are the vehicles equipped with closed loop three way catalysts
represented by vehicles produced in the 1986 to 1995 time frame. However,
ear]ier model year vehicles still are a significant source of emissions,
accounting for about 40 percent of the emissions of volatile organic
compounds, oxides of nitrogen, and carbon monoxide.
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Table III—1

Summary of Emissions From Light Duty Vehicles
Based on the Ozone Planning Inventory

Emissions (tons/day)

Area/Pollutant ' 1996 2000 2005 2010
All Nonattainment Areas
Carbon Monoxide 6,454 5,145 4,005 3,299
Oxides of Nitrogen 611 514 391 308
.VOIati]e Drgahic Compounds
Exhaust VOC 434 323 211 128
Evaporative VOC
Hot Soak 78 b5 38 26
Diurnal 60 47 28 13
Running Loss 32 19 10 -]
' - Total VOC 603 445 287 172
South Coast Air Basi
Carbon Monoxide 2,647 2,132 1,666 1,389
Oxides of Nitrogen 286 . 210 162 130
Volatile Organic Compounds
Exhaust VOC 183 138 g2 b8
Evaporative VOC
Hot Soak 30 21 15 10
Diurnal 22 18 11 4
Running Loss _15 _10 D 17
Total VOC 250 187 122 75

Source: 0Ozone Planning Inventory, ARB, 1990
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Table III-2

‘Summary of Emissions From Medium Duty Trucks
Based on the Ozone Planning Inventory

Area/Pollutant -
All Nonattainment Areas
Cafbon Monoxide

Oxides of Nitrogen

Volatile Organic Compounds
‘Exhaust YOC

Evaporative VOC
Hot Soak

Diurnal
Running Loss , .
Total VOC

- ‘
Carbon Mdnaxide

Oxides of Nitrogen

Volatile Organic Compounds
Exhaust VOC
Evaporative VOC
Hot Soak
Diurnal
Running Loss
' Total VOC

Source: Ozone Planning Inventory, ARB, 1990

1996

486

17

46
b

4
—2
57

190
30

19

2

1
—1
23
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Emissions (tons/day)

2000 2005 2010
405 371 339
77 80 83
38 31 24
3 2 2

3 2 2
1 ! _0
45 36 28
161 150 138
30 32 34
16 13 11

1 K 1

1 1 0
1 0 0
19 15 12
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Table III-3

~ ~Summary of Emissions From Heavy Duty Trucks
Based on the Ozone Planning Inventory

Emissions (tons/day)

Area/Pollutant . 1996 - 2000 2005 2010
All Nonattainment Areas
_Carbon Monoxide 767 545 440 337
Oxides of Nitrogen 160 142 140 138
Volatile Organic Compounds '
Exhaust VOC 30 2b 22 18
Evaporative VOC .
Hot Soak 6 6 6 6
Diurnal 3 P 2 3
Running Loss _ 0 _0 _0 0
Total VOC 39 33 30 27
South Coast Air Basj
Carbon Monoxide 313 226 186 145
Oxides of Nitrogen 60 52 50 49
Volatile Organic Compounds
Exhaust VOC 14 12 10 S
Evaporative VOC = -
Hot Soak 2 2 2 2
Diurnal 1 1 1 1
Running Loss _ 0 _0 _0 _0
Total VOC 17 15 13 12

~ Source: Ozone Planning Inventory, ARB, 1990
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EMISSIONS, tons per day

Figure III-1

TREND OF VOC EMISSIONS FROM LIGHT DUTY VEHICLES
OZONE PLANNING INVENTORY FOR ALL NONATTAINMENT AREAS
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EMISSIONS, tons per day

PERCENTAGE OF NOx EMISSIONS FROM LIGHT DUTY VEHICLES

EMISSIONS (PERCENTAGE)

TREND OF NOx EMISSIONS FROM LIGHT DUTY VEHICLES

Figure I11-2
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Figure m-3

TREND OF CO EMISSIONS FROM LIGHT DUTY VEHICLES
OZONE PLANNING INVENTORY FOR ALL NONATTAINMENT AREAS

EMISSIONS, tons per day
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a.  Exhaust Emissions

The range of exhaust emission reductions resulting from the Phase 2

reformulated gasoline specifications have been estimated using the results
of various test programs. These test programs allow for the estimate of the

emissions from vehicles using fuels with different compositions. Some test

programs have been designed to allow for the development of predictive
"models. Other test programs have been conducted using fuels with similar
specifications to the proposed Phase 2 reformulated gasoline specifications.

Each of these approaches is discussed below.
1. Predictive Models

Staff have used the regression equations developed as part of the
Auto/0i1 Study as one basis for projecting emission reductions from Phase 2
reformulated gasoline. The Phase 1 Auto/0il Study looked at the effects of
aromatic hydrocarbons, MTBE, olefins, and the 80 .percent distillation
temperature on current model vehicles (1989) and on older vehicles (1983-
1985). The range of properties addressed in the Auto/0il Study, and which
are included in the regression equations are presented in Table IlI-4. The
regression equations for both the current vehicles and the older vehicles
are presented in Appendix 12. -

Table I1I-4
Range of VYariables Considered in the Phase 1 Auto/0il Study

Yariable | Range
Aromatic Hydrocarbons 20 - 45 volume %
MTBE ' 0 - 15 volume %
Olefin 0 - 5 volume %
90 % Distillation Temp. 280 - 360 degrees F

The sulfur content of the fuel has alsoc been identified as an important

variable to be considered in evaluating the results of predictive models.

As discussed in Chapter II, sulfur adversely affects the catalyst

efficiency. The Auto/0il1 Study equations do not include a factor for

sulfur. The Auto/0il1 Study is currently evaluating the effects of sulfur at

levels from 50 ppm to 450 ppm in increments of 100 to evaluate the linearity
_of the effects of sulfur on emissions. These results are expected 1in early
" October. For the purposes of this analysis, the ARB staff have assumed that

the reduction of sulfur results in a linear decrease in emissions based on

the Auto/0il sulfur study.
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. These fuel sulfur factors are calculated assuming-a change in sulfur
content from 466 ppm to 49 ppm with corresponding carbon-monoxide, VOC, and
NOx benefits of -12.9 percent, -16.1 percent, and -9.0 percent. The
resulting fuel sulfur factors used in the regression analysis for CO, VOC,
and NOx are -0.031 percent/ppm reduced, -0.022 percent/ppm reduced, and -
0.039 percent/ppm reduced. .

Using the Auto/0il Study regression equations modified to include the
sulfur effects, staff calculated the emission reductions expected for the
Phase 2 reformulated gasoline. The baseline gasoline used represents
typical California properties as reported in Chapter II. The baseline fuel
specifications, the Phase 2 reformulated gasoline specifications, and the
regression results are presented in Table III-5. -

Table III-5
Percent Emission Reductions from_the Use of the

California Phase 2 Reformulated Gasoline Versus California Phase 1
Reformulated Gasoline Based on the Auto/0il Regression Equations

Predicted Percent Emissions Changé

| . -~ Auto/0i1 Auto/0i1
Carbon Monoxide ' -18.1 ' -10.9
Oxides of Nitrogen 1.2 - 9.6
Hydrocarbons -19.6 - 3.5
Assumptions: |
o Baseline Phase 2
Reid Vapor Pressure | psi' * 7.8 7.0
Aromatic Hydrocarbons ¥ volume - 32.4 20
Olefins - Z volume 9.9 5
Sulfur ppmw 150 30
Distillation Temperatures ' '
T10 degrees F 135 - 135
- T80 degrees F 212 - 200
190 - - degrees F 329 | 300 ' *
Oxygenates 2 volume 0 - 11.3 '
-54-
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| These results show that significant emission reductions are predicted
by changing the specifications of the fuel. For the purposes of calculating
emission reductions from the use of Phase 2 reformulated gasoline, staff
assumed that the Auto/0il1 regression equation for the 1983-1985 mode] year
vehicles, modified to include the sulfur effects, is applicable to the 1975~
1980 vehicle class. Staff also assumed that the older vehicle regression,
with the fuel sulfur factor removed, is applicable to the non-catalyst
vehicles. Finally, the Auto/0i? regression analysis for the current
vehicles was assumed to apply to the 1991-1995 model year vehicles.

Table III-6 presents the emission reduction factors, expressed as percent
changes, that were used to calculate the reductions in exhaust emissions
from light duty vehicles. |

Table III-6

Emission Changes Predicted by Auto/0il Study Regression Equations

Percent Emissions Change

Yehicle Class L0 _NOx_ YOO
Non-catalyst Vehicles - 7.1 -7.0 -1.1
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