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[ INTRODUCT{ON

California air quality, as measured by a variety of
criteria, Is adversely Impacted by many emission scurces, both
mobile and stationary. in varylng degrees In various areas,
amblient alr quallty standards are exceeded for ozone, carbon
monox ide, nitrogen dioxide, partlculate matter, sulfate, and
visiblillty. The Alr Resources Beoard (ARB or Board), as the
agency responsible for controllling emissions from motor vehicles,
has adopted a number of regulations for vehicle emisslions to
reduce the impact of motor vehicie emissions on air quality
throughout the state.

Among the regulatlions adopted by the board are performance
standards to limlt exhaust emisslions from motor vehlcles and
specliflications for motor vehicle fuels,. Speciflicatlions adopted

by the Board for gasoline Include:

(o} Volatillity limits

Lo} Bromine Number Ilimits {degree of unsaturation)
o Lead content

o] Manganese content

0 Sulfur content

The Board has also adopted specifications for the sulfur
content of motor vehicle diesel fuel sold in the South Coast Alr

Basin and Ventura County.



As part of the Board's program to reduce further emissions
from motor vehlcles, we have evaluated several options for dliesel
fuel specifications that would reduce emissions from fhe use of
diesel fuel in motor vehiclies. These optlons include
Speciflcations for the sulfur content and aromatic hydrocarban
content of motor vehlicle diesel fuel. Thlis report presents our
evaliuation of those options and our proposals for regulatory
l'imits on the sulfur content and aromatlc hydrocarbon content of
motor vehlcle diesel fuel.

I'n developing these proposals for the Board's
consideration, the staff held flve consultaticn mesetings with
Interested parties. The notices for those meetings are presentad
in Appendix A. The consultat|on meetings were held to discuss
the staff's emission Inventory, the data avallable on the
reltationship between diesel fuel quallity and emlssions from
diesel motor vehicles, the cost of more stringent specifications
for motor vehicle dlese] fue!, and the form of the staff's
regutatory proposal.

This report provides the Information that forms the basts

of the stafr's regulatory proposals. Those proposals include a

statewlde IImit for the sulfur content of 500 parts per milltion
(ppm) for all motor vehicle diesel fuel, and timits on the
aromatlic hydrocarbon content of motor vehicle dlese! fuel. The
Proposed aromatic hydrocarbon content limlits are 10 volume

bercent for large refiners and 20 volume percent for smat |l

refiners.



. BACKGROUND

A BIESEL ENGINE OPERATION

Diesel engines have a number of simifarities with

gascline engines. Both engine types are fueled by |lliquid
petroleum~derived fuels and they are used In simllar
applications, Both engline types dellver power by rapidiy burning
fue! Iin a combustion chamber to apply a downward force on a
piston wlthiln a cylInder. The up and down motlon of the
piston(s) Is converted to a rotating motion by means of a
crankshaft. Multi-piston engines of both the gasollne and diesel
type have simllar cylinder poslitioning withln the engine block.

The main difference between spark-lgnited engines and
diesel engines is the method of Inltlating fuel combustion.
Spark-ignited engines rely upon an external source of energy to
initlate the combustion of fuel and air within the engine
cyllnder. Thls energy Is provided by the spark plug as the
terminal element in the englne's electrical ignition system.

Diese! englnes rely upon the fuel to self-Ilgnite upon
reaching the proper alr/fuel ratlo, temperature, and pressure.
Diesel fuel Is InJected under high pressure into the diesel
englne’s cylinders as the pliston approaches the top of the
combustion chamber. The compression of the alr within the
cyllnder causes the temperature as weli as the pressure to rlse

suffilciently to cause the fusl/alir mixture to Ignite.



As Wwith spark-ignited englines, dlesel englines may be
descr lbed as elther two-stroke or four-stroke engines. The two-
stroke and four-stroke cycles are shown In Figure 1. The four
stroke cycle shown In the figure Is famlitar to most and follows
the same stroke cycle as the gasoline-fueled automobile engine.
The two-stroke cycle shown In Figure 1 Is tess famiilar and
deserves a brlef discusslion,

In the two-stroke cycle, the compression and power strokes
are tltdentical to those of the four-cycle englne. In the two-
cycle engine, however, exhaust gases are removed from the
cylinder and fresh combustlion alr are brought into the ¢yl inder
In one step. The device shown on the left of the cyllnder in
Flgure 1's depictlion of the two-stroke Cycle Is a blower that
Introduces fresh alr into the cylinder. That fresh alr forces
out the exhaust gases and results In a fresh "charge" of
combustion air. The ¢yllinder Is then ready to recelve another
Injection of fuel as the Plston completes another compression
stroke.

Most diesel vehiclies are powered by four-stroke engines.
The ARB staff estimates that about 90 percent of heavy-duty
dlesel vehlicle engines used In Callfornia are four-stroke engines
and virtually all diesel Passenger cars are four-stroke engines.

In a gasoline engine, the fusel handling and metering
equipment consists primarily of a carburetor, throttile body
Injection system, or manifold Injection system, which adjusts the

alr/fuel ratio in accordance wlith operating requirements, l.e.,



4 CYCLE

STROKE 2 STROKE 3 STROKE 4
INTAKE COMPRESSION POWER EXHAUST

2 CYCLE

EXHAUST AND INTAKE STROKE 1 STROKE 2
COMPRESSION POWER
Figure 1

Diesel Four-Stroke and Two-Stroke Cycles

Source: Detroit Dlesel Alllson Division of General Motors,
Advertising Brochure, “"There Is a Difference Iin Dliesels."



rich for Idle and acceleration, and Isan for crulsing. In a
diesel engina, the amount of air taken In prlor to the
compression stroke is flxed. The amount of fuel delivered to the
cylinder depends on the engine speed and the input of the
operator via the accelerator mechanism. Injection timing Is,
however , automatically adjust;d as a function of engine speed and
load.

B. DIESEL VEHICLE FUELS

Dlesel engine fuel requirements are different than those
for gasollne englnes. Gasollne englnes require fuef with a
mintmum octane number. The octane number is a measure of the
resistance of fue! to auto-ignite. In a gasoline englne, it is
desirable for auto-ignition not to occur because the proper
operation of the engine depends on ignitlion occurring when the
spark plug flres.

In a diese! engine, it Is desfirable to have a fue! that
readily Ignites under the conditions that prevail In the englne’s
cyllnders. That quality is measured by the cetane number and it
I's Important for the proper operation of a diessl engline to have
fuel with a minimum cetane number. Other diesel fue! qualities
that affect the operation of dliesel englnes In cold weather and
the long-term durablitity of diesel engines Iinclude pour point,
viscoslty, sulfur content, and 90 percent distlitation
temperature. The pour point !s the temperature at which a fusi
is able to flow and shoulid hot be confused with viscosity.

Viscoslty is the measure of a fluld's resistance to flow while



the pour polnt, Important In cold ¢climates, Is the temperature

below which the material will not flow at all. The 90 percent
distillatlon temperature, often called the 90 percent polnt, is
the temperature at which 90 percent of the fuel will have bolled
away.

Diesel fuel can be made from any number of components that
are produced in an ol! reflnery. The American Society for
Testing and Materials (ASTM) has set specifications for diesel
fuels. Some states, Including Californla, have adopted those
speciflications as legal regqulirements. The ASTM speciflcations
for No. 1 dlesel and No. 2 diesel, the most common high and
medlum speed diesel engine fuels, are shown In Table 1.

Diesel fuels may be produced from reflnery streams that
have the qualities required to meet the ASTM specifications In
Table 1. No. 2 diesel fuel I|s produced from hydrocarbon stocks
that are referred to as gas olls. No. 1 dlesel fuel Is produced
from refinery streams that ile In the kerosens boiling range.

All fuels that !le within the boliling range of No. 1 and No. 2
dlesel fuel are referred to generlically as “"distiliate." Because
No. 2 diesel fuel repressnts the bulk of the dlesel fuel preduced
and used in California, the remainder of this report addresses
oniy that fuel.

A refinery stream component that can be used to produce
diesel fue! is atmospheric gas oll, also referred toc as straight
run gas cil. Thls is the dlesel boilling range materlal that

occurs naturally In the c¢rude oil and Is separated from the other
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crude oll components in a crude oll distlllatlon column. The
crude is distiiled In the distillation column at near atmospherlc
pressure, hence the appellation "atmospheric gas oll." This Is

the only diesel fue! component available to refiners that do not

have the facllitles to convert heavier crude oil components to
lighter, more valuable fuels. Complex reflneries have such
conversion facillties. Such facilitles would currently be in use

to produce a refinery's present prodqct mix,

Figure 2 is a complex reflnery conflguration and flow
chart. Although not all compliex refinerles have all of the
processes shown In the figure, the flgure shows a range of
processes that are used, and the variety of hydrocarbon streams
available for finished product blendlng.

Compiex refinerlies have cracking processes that produce
gas/oil streams that may be blended Into diesel fuel. Those
Processes Include fluld cataiytlc cracking, thermal crackling
(including coking), and hydrocracking. Hydrocracking can,
depending on the characteristics of the feed, produce a
hydrocarbon stream that has desirable characteristics for diesel
fuel blending. Depending on the feed quallty, the aromatic
hydrocarbon content of hydrocracked products can be low and, as
such, demonstrate desirable ignition characteristics.
Hydrocracked products are aiso low in sulfur. The use of
hydrocracked materlial In the dlesel fuel boliiting range must,
however, compete with other demands such as further processing to

Jet fuel or gasocliine. Gas oils from fiuld catalytic cracking and
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thermal cracklng are poor dlesel blending stocks because they are
generally high In sulfur and aromatic hydrocarbon, have poor
fgnitlon quallties, and are less stable In storage than stralght-
run gas olls.

C. EXISTING DIESEL VEH!ICLE STANDARDS

The Board has adopted emisslons standards for diesel
vehlcles. In August 1982, the Board adopted particulate matter
emissions standards for 1985 and later mode! year diese!
passenger cars, |light-duty diesel trucks and medium-duty diesel
vehlicles. These groups of vehlcles are alsc subject to the same
hydrocarbon, carbon monoxide, and NOx emisslion standards that
apply to gasoline-powered vehlicles,

In Aprll 1986, the Board adopted emissions standards for
heavy-duty diesel engines. The heavy-duty diesel engine
standards correspond to the federa! emissions standards
promulgated by the EPA In 1885. The gaseous emissions standards
for heavy-duty dlesel englnes are: 1.3 grams of hydrocarbon per
brake-horsepower-hour and 15.5 grams of carbon monoxlde per
brake-horsepower-hour for all model years after 1986, 6.0 grams
of NOx per brake-horsepower-hour for 1988 and 1989 model years,
and 5.0 grams of Nox per brake-~horsepower-hour for all model
years after 1989. The diesel vehlicle particulate matter
emissions standards adopted by the Board are summarized In

Table 2.

-11-



Callfornia Dlesel
Emission Standards

Matter

Passenger Cars,
Light-Duty Trucks,
Medium-Duty Vehlicles

Table 2

Vehicle Particulate

Model Years (Grams/M|le)

1982-1984 0.6
1985 0.4
1986 0.2
1¢87 0.2
1988 0.2
1989 0.08
1990 0.08
1881 0.08
1992 0.08
1993 0.08

1994 and Later

Source: ARB/SSD/MSD

.08

-12-

Heavy-Duty Engines
(Grams/Brake-Horse~
Bower-Hour )

None
None
None
0.60 {(optional)
0.60
C.60
0.60

0.25 (0.10 for
Urban Bus Englnes)

0.25 (0.10 for
Urban Bus Engfnes)

0.25 (0.10 for
Urban Bus Engines)

C.170 (Al
Englnes)



D. EXISTING SULFUR CONTENT REGULATION
in April 1981, the staff presented for the Board’'s

consideration a proposed regulatlion to |Iimlt the sulfur content
of motor vehlcle diesel fuel to 560 parts per mlillion by welght
{ppm). At the Apriil hearing, the Board dlirected the staff to
modify the proposal such that it would apply to motor vehicle
diesel fuel sold In the South Coast Alr Basin (SCAB) and Ventura
County, and to provide for |limited exemptions from the sulfur
ltmitatlon for smatil refliners, that Is, refiners wlith crude ol
capacitiss less than §0,000 barresls per day.

In July 1981, at the hearing continued from Apri!, the
Board adopted the staff's modified proposal as amendments to
Sectlon 2252, Title 13, Californla Administrative Code {(now the
Callfornia Code of Regulations). Sectlon 2252, as amended,
required dlesel fuel for use In motor vehlicles in the SCAB and
Ventura County to contain no more than 500 ppm sulfur.
individual small refiners were exempt from the requlrement up to
a maximum annual productlion volume that was equal to 120 percent
of the smalt refiner's highest annual production In the three
year perlod 1978 to 1980.

in October 1984, the staff presented a sthtus repert to the
Board on diesel engine emission reductlions that could be achieved
through modlficatlons to motor vehicie diesel fuel
speclfications. At the October meeting, the Board directed the
staff to prepare proposed amendments to Section 2252 to I|Imit the

volume of exempt motor vehicle dlesel fuel produced by small

-13-



refiners,. In response to that directive, the staff presented to
the Board at a publle hearing In April 1985, optlions for
amendments to Section 2252 that would reduce the volume of dliesel
fuel exempt from the sulfur limitation of Sectlon 2252. After
contlinuing the hearing to June 1985, and considering additlional
information at the June Board meeting, the Board adopted
amendments to Section 2252 that reduced the small refiners exempt
volume of motor vehlicle dlesei fuel, and terminated the exemption
provisions effective January 1, 1989.
E. RECENT INVESTIGATIONS

Since the Board's adoption of amendments to Section
2252, the staff has continued to Investigate emission reductions
that could be realized from contreol strategies for dlesei
vehlcles and fuels.

To obtaln the best available Information regarding the
effects of fuel quality on dlesel engline emissions, we have
particlpated in a study being sponsored by the Coordinating
Research Councl! (CRC). The CRC study is evaluating the
emissions-fuel quallty relatlionship by testing a variety of fuels
In three heavy-duty dlesel englines. The ARB has provided partial
funding for the study and we have participated on the steering
committee for the project.

The ARB has contracted with Arthur D. Little, Inc. (ADL) to
perform a linear programming analysis of the cost to produce
diesel fuel with different fuei Quatities. The ADL study

Provides models of the California refining industry to determine

-14-



the refining process options and the assoclated costs that would

be retated to new standards for motor vehlcle diesel fuel.

-15-



i, NEED FOR DJESEL VEHICLE EMISSION REDUCTIONS

Diesel motor vehlcles are contrlbutors to a variety of air
quallty problems in Californla. Among the air quality standards
that are exceeded and to which emisslions from dlesel! motor

vehicles contrlbute to the exceedences are:

o Partlicutate matter
o Nitrogen Dlox |lde

o] Sulfate

o Ozone

o Visibillty

In addition, emissions from dlesel motor vehlcles
contrlbute to the formation of acld precipitation.

The poflutant specles for which dlesel vehlcles are of
major concern as emisslon sources are sulfur dloxlde, particulate
matter and oxides of nitrogen. We estimate that, statewlide In
1990, dlesel motor vehlicles wlli account for 97 tons per day of
sulfur dioxide emissions, 98 tons per day of particulate matter
emissions, and 706 tons per day of oxides of nitrogen emissions.
These emisslons represent about 17 percent of all sulfur dioxide
emissions, 4 percent of particulate matter emissions, and about
25 percent of oxides of nitrogen emissions. These are even
greater percentages when compared to the part of the total
emissions from motor vehlcles.

As dliscussed further In Chapter VIIll and X of this report,

various Investligators have found that dlesel fuel gquallty affects

—16-



emissions from dlesel motor vehicles. A number of evaluations
show the relatlonship between increased aromatic hydrocarbon
content of diesel fuel and increased emissions of particulate
matter and oxides of nitrogen from diesel engines. Emisslons of
sulfur dloxide are a functlion of the sulfur content of fuel. The
sulfur content of dlesel fue! Is much hlgher than that of
gasoline except In the South Coast Air Basin where the Board has
estabiished a IImit for motor vehicle diesel fuel sulfur content.

The alr quality impacts of oxldes of nitrogen emisslons
include directly affecting ambient concentrations of nitrogen
dloxide, particlpating In the ozone formation reaction, and
contributing to ambient fine particulate matter concentrations.
The air gquality impacts of suifur dioxlide emissfions inc¢lude
directly affecting amblent concentration of sulfur dloxide and
sulfate and contributing to amblent flne particultate matter.
Emissions of both oxides of nitrogen and sulfur dloxlde
contribute to reductlions In visibllity and formation of acld
precipitation.

Diese! vehlcles are sources of both directly emltted
particulate matter In the form of soot, and precursors to
secondary particulate matter (sulfates and nitrates) In tha form
of sutfur dioxide and oxldes of nitrogen. Most of the
particulate matter that results from combustion In diese!
engines, both secondary particulate matter formed in the
atmosphere and directly emitted, Is In the fine particulate

alr quality problem may be

matter (PM10) size range. The PM10
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the most intractable air quality problem in Caliifornia. The
federa! standards for PM10 are exceeded In four of the state’'s

alr basins while the state standard for PM10 Is vioftated in
virtually the entire state.

A targe body of data from animals and humans indicates that
exXposure to PM=10 can interfere wlth the respiratory system.
Specific effects Include: changes In gas exchange or
clrculatlon, alteratlon of respiratory defense mechanlsms,
decreased pulmonary function, narrowing of alr passages, and
Inflammation due to cell damage In the lungs.

Several epidemlological studies have demonstrated that

acute daily exposures to PM~10 are associated with Increased

mortallty, resplratory Illlness, bronchoconstrictlen, Increases I(n
asthma attacks, increases Iin hospital and emergency room visits,
and decrements In pulmonary function. Chronlc exposure to PM-10

In humans has been reported to decrease pulmonary function, whille
studles of chronlc exposure In children have also shown increased
incidence In resplratory |llness.

The reduction of emisslons from dliesel motor vehicles Is
one of the strategles that can be Implemented toward attaining
the federal PM10 standard and to move toward achleving the state
PM10 standard.

Dliesel exhaust Is thought to contain well over 1000
compounds, of which over 100 have been identified. Many of the

tdentified compounds are known carclinogens and/or mutagens.

These toxlc compounds are found both in the particle phase (such
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4s many of the polycyelle aromatic hydrocarbons) and In the vapor
phase (such as benzene and formaldehyde). Benzene causes
leukemia In workers exposed to the solvent vapors and
formaldehyde has been shown to cause tung tumors In rats when
inhaled, A class of compounds present In both dlesel and
automobile exhaust is the nitro-polycytic aromatic hydrocarbons
or nitro-PAHs for short. Nitro-PAHs are found in both the
partlicle and vapor phase and many are potent mutagens in
bacterial short-term genotoxicity tests. Many of the nitro-PAHs
are also animal carcinogens.

In addition to contributing to the variety of air quality
Problems dliscussed above, emissions of soot, in the form of
smoke, from dlesel vehlcles ellcit a strong negative response
from the publlic. We have recetved a number of letters from
mayors of clties In Scuthern Callifornia urging that steps be
taken to provide a cleaner diesei fuel to reduce emissions from

dlesel vehicles. Those letters are presented In Appendix B.
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V. EMISSIONS FROM DIESEL VEHICLES

A. STATEWIDE INVENTORY - PRESENT

The ARB staff conducted a publlc consultatlion meeting
in December 1987 to dlscuss a draft inventory of emisslons from
dlesel-powered motor vehlcles and the methodology used to develaop
the inventory. The inventory Included emlisslons from on-road as
well as from off-road diesel motor vehicles. The off-road motor
vehitcle category includes only dlesel powered off-road farm and
non-farm mobile equipment.

Draft Inventories wlth supporting documentation were sent
to Interested parties sollclting comments and no adverse comments
were received. The results of this inventory projected for the
year 1980, are shown in Table 3 and Flgure 3.

As shown In Figure 3, the statewide emission projections
for 1990 for dlesel vehicles represent 66 percent of the PM10
emisslons of ail mobiie sources, 36 percent of the NOx emissions
from ali mobile sources, and 45 percent of the 802 emisslions from
all moblle sources. The projected emissions from diese] motor
vehlcles for 1990 represent about 20 percent of the statewlds
PM10 inventory (other than emlissions from fugitive sources),
about 25 percent of the statewlde Nox moblle source Inventory,
and about 17 percent of the statewide 802 inventory. The 802

emission estimates shown in this Tabie 3 and Flgure 3 are based
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Table 3

Estimated Statewlide Emisslons

Source Category

Total
Statlionary
Mobile

Dlesel Vehlcles
Total
On-Road
Off=-Road

Source: ARB/SSD/TSD

5585
339
216

97
80
17

(Tons Per Day}
1990

2877
94535
1932

706
517
189

-21-
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342
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on the estimated fuel use as shown In Table 4. We project that
the demand for dlessl fuels wilil Increase by 26 percent from the
year 1990 to the year 2010. The 502 estimates presented In this
table are based on the assumption that the dlese! fue! used in
the SCAB contains 0.05 percent sulfur by welght versus the
0.28 percent sulfur content for diese! fuel assumed for other
areas of the state.
B. STATEWIDE INVENTORY - FUTURE

Using the projections for the dlese| fusl use and the
ARB staff estimates on future growth on dlesel! vehlicles, we have
projJected the dlesel motor vehicle emissions up to the year 2010.
These projections incorporate the impacts of the 1991 and 1994
heavy-duty emission standards, the estimates of the impacts of
tamper ing and malmalntenancé within the heavy-duty dlesse! fleet,
as well as the estimates of the impacts of the expected
Improvements in fuel economy . However, It excludes the impact of
tampering and malmalintenance for 1991-1994 because It assumed
that engine manufacturers will be able to meet the 19891t standards
by engline modiflcatlons alone. Figures 4 and 5 show the
estimated statewlide emissions for Nox and PM for the years 1990
through 2010. The fligures show a continuous growth In Nox
emissions and a decrease In PM emisslon starting from 1990 to the
year 2000. The declline In PM emissions Is due to the effect of
the 1991 and 1984 PM standards for on-road heavy duty diese!
vehicles. The inventory shows an emlissions minimum to be reached

In the perlod of the years 2000-2005 and then an emisslions
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Table 4

Projected Statewlde and SCAB Motor Vehlcle Fuel Use

Statewlde SCAB

Diessel Fuel Use Diesel Fuel Use

(Barrels=/Day) (Barrels/Day)
1990 153,000 45,000
1985 163,000 47,000
2000 170,000 47,000
2005 180,000 49,000
2010 193,000 52,000

* Barrel Is 42 gallons

Source: ARB/SSD/TSD
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Iincrease. Off-road emissions are continuously Ingreasing at a
rate of 5 percent for every flve year time perlod.
C. SOUTH COAST AIR BASIN INVENTORY - PRESENT
The Inventorles of emissions from dlesel motor
vehlcles for the SCAB for the year 1990 are shown in Table 5 and
Flgure 6. The SCAB Inventory presented In this tabie shows the
same trends for NOx and PM emissions as shown In the statewide
Inventory. However, the So2 emisslons estimates shown here are
disproportionaly lower than the fuel consumptlion shown In
Table 4. This ts due to the effect of the sulfur regulation for
the SCAB that Jimits the sulifur content of diess! fuel used for
motor vehicles to 0.05 percent by welght.
D. SOUTH COAST AIR BASIN INVENTORY - FUTURE
Figures 7 and B show the ARB’'s projections for SCAB
for NOx and PM from dlesel powered motor vehicles for the years
1990 through 2010,
Again, as In the statewlde inventory, PM emissions
proJectlons show a maximum beneflt of Implementing the heavy-duty

vehicle standards through the year 2005 and then the benefits

start declining.
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Table 5

South Coast Alr Basln Estimates

of Emissions

(Tons/Day)

1990
Pollutant
Source PM10
Category SO2 NOx Fugitive Other
Total 201 567 777 79
Stationary 162 238 7186 42
Mcobile 39 329 61 37
Diesel Vehlcles 7 181 3 24
On-Road 6 144 3 21
Off-Road 1 37 0 3
Source: ARB/SSD/TSD
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V. DIESEL VEHICLE EMISSION REQUIREMENTS
A VEH!ICLE STANDARDS

Standards for heavy-duty dlesel vehicie (HDDV)
emlissions which will requlre engline medifications and exhaust
treatment devices have been adopted by the U.S. Environmental
Protection Agency (EPA) and the ARB. These standards |limlt HDDV
PM emissions to 0.25 g/bhp-hr in 1991 (with urban transit buses
limlted to 0.10 g/bhp-hr) and 0.10 g/bhp-hr In 1994. NOx
emisslons are limlted to 5.0 g/bhp=-hr beglinning In 1991,

Most HDDV manufacturers are relying on engine and fuei
system modifications to conventional diesel engines fusasl to meet
the 0.25 g/bhp-hr standard, although !imlted trap useage has been
predicted by some. Some manufacturers appear to have developed
prototype engines that have been shown to be capable of meseting
the 1991 standards or come very near to the standards. However,
no data exist cleariy showing that prototype engines can
“comfortably” meet the 1991 standards. This is Important because
prototype and certification systems generally have lower
emissions thap production systems and indlcates that engine
modiflcations may be adequate for an engine to be certified, but
may not aliow a sufficlent margin for engines to contlnue to meet
the standards tn use. However, it is generaily thought that at
least some HDDVY engines will be capable of meating the 1891 PM
standard through the use of engine modlifications alone and that
no real problems exist that witl preclude most HDDY englinsas from

megtlng the 0.25 g/bhp-hr standard.
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The major focus of effbrts to meet the 1994 PM standard has
been the development of particulate matter traps. The
develiopment of trap technology has beean siowsr than expected and
numerous problems with trap usage have been observed. Most of

the problems with traps can be linked to one of the followlng:

1. Fuel Sulfur
2. Low Particulate Collection Efflclency
3. Irregutar Regeneration

Suifur compounds in the exhaust are converted to sulfur
dloxlde and particulate sulfates by both catalyzed and
uncatalyzed traps. WIith uncatalyzed traps, the sulfate generated
In the engine is Initialiy retalned In the trap and then later
released. With catalyzed traps employing noble metal cataiysts,
other sulfur contalning specl!es are converted to sulfate by the
trap. The generation of sulfate particles often causes the
calcutated efficiency of the trap (efficlency Is usualiy defined
as the mass of tailpipe ocut PM divided by the mass of engine out
PM) to be near zero or even negative. Thls results from
carbonaceous particles have been exchanged for sulfate particles.

Trap regeneration in uncatalyzed traps Is a problem for HDDV
because exhaust temperatures are often below the minimum
temperature needed for trap regeneratlion. Traps become plugged
with PM creating excessive back pressure. wWhen a heavily l!oaded
or Da(tlally plugged trap finally regenerates, overheating may
occur accompanied by trap fallure dye to cracking. This Is less
of a problem for catalyzed traps than for uncatalyzed traps

because the use of a catalyst lowers the temperature requilred for
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regeneration thus, allowing more frequent regsneration. The cost
of reduclng PM emisslions with traps (assuming the problems
dliscussed above are soived) depends heavily on the assumptions
made regarding the baseiine emisslon levels of HDDV, trap Ilfe,
tampering rates, and the number of times an engine is rebullt.
Lifetime cost estimates ranglng from $3.20-$31.00 per pound. have
been suggested.

As discussed In Chapter ||, diesel engine exhaust contalns
a number of potentially toxic compounds. The effect of traps on
emissions of toxlc or potentlal]y toxlc compounds depends on the
type of trap used. Uncataiyzed traps are expected to have little
effect on HC emisslons and, in generail, a minimal impact on
emissions of lower molecuiar welight toxlc compounds such as
benzene, styrene, xylenes and 1,3-butadiene. Thelir effect on PAH
has been shown to be highly varlable with conversion efflclencies
ranging from 5 to 90 percent reported, However, emissions of
nitrated and oxygenated PAH (these particular types of PAH are
considered to be more mutagenic than their precursors) have been
shown to increase when uncatalyzed traps are used. Thils Is
thought to be due to the increased period of time PAH spend in
contact with Nox and oxygen Iin the exhaust stream. It is unclear
I'f there Is a similar increase In emisslons of lower molecuilar
weight oxygenates and nitro-compounds. In contrast, traps using
noble metal cataiysts are sxpected to substantially reduce
emissions of all of the compounds dlscussed above a'though,
Increases in formaidehyde and acetafdehyde have been obsarved

wWith some catalytic traps. HC conversion efficiencies of up to
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75 percent have been reported for catalyzed traps. B8ecause of
the large excess of oxygen present In diess! exhaust, catalytlc
NO‘ reduction is not possible and traps have little effect on NOx
emisslons. Since traps have the potential to make substantial
reductlions In emissions of both PM and toxic or potentlally toxic
compounds, considsrable effort to overcome the problems discussed
above |s warranted.
B. INSPECTION AND MAINTENANCE

Dlesel motor vehicles have not been Iincluded In the
Inspectlion and maintenance program for gasoline-fueled vehlcles.
An inspection and maintenance program would not achieve 2a high
leve! of benefits from older vehicles that are not Subject to the
more stingent |Imits now being Implemented as descrlbed In
Chapter 1. In addition, because many heavy-duty diese! vehlcles
operating in Callfornla are registered, or "base-plated" In other
states, the implementation of a diesel vehicle inspectlion and
maintenance program would have to be different than the present
“smog-check" program. The staff Is now evaluating an inspection
and malntenance program for dlese] vehicles, the appropriate
elements of such a program, and how an Iinspection and maintenance
program coul!d most effectively be Implemented.

C. SMOKING VEHICLE INSPECTION

A Dblit currentiy being conslidered by the California
Legistature (SB 1997, Presley) would requlire the ARB to develop a
test procedure for roadside Inspections to detect excessive smcke
emissions from heavy-duty diese] vehicles, and to prohlblit the

Use of heavy-duty vehicles that have excessive smoke emissions.
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The ARB staff is investigating test methods and the kind of
regulatory program that wouid be most effective in reducing

excesive smoke emissions from heavy-duty diesel vehicles.
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VI. DIESE| FUEL SULFUR CONTENT REDUCTION

The sulfur In diesel fuel is responsibie for emissions of
sulfur dioxide. The sulfur dloxide is converted to particulate
sulfate In the atmosphere. The degree of conversion depends on a
varlety of atmospheric and metecrological conditions,

The evaluation of the effects of diesel fuel sulfur content
Is a straight forward caiculation. Each pound of sulfur In
dlese! fue! Is converted, In the combustlon process, to two
pounds of sulfur dioxide (except for a very small percentage that
Is converted to a sulifate species). Thus, for each pound of
sulfur removed from diese! fuel, two pounds of sulfur dioxide
emissions are reduced.

We evaluated emissions reductions that couid be achieved
from reduced motor vehicle dlesel fuel suilfur content by
determining a percentage reduction,. Based on a diesel fue! sufur
content of 0.28 percent for those areas outside the SCAB and
Ventura County, a reduction In diesel fuel sulfur content to 0.05
percent, or 500 parts per million (ppm), would reduce sulfur
dioxide emissions by 82 percent. In evaluating reductions of
sulfur dioxide emissions that could be achieved from reducing the
sulfur content of motor vehlcle diese! fuel, as described iIn the
succeeding chapters of this report, we reduced the emlisslon
inventory for the areas outslde the South Coast Air Basin and

Ventura County by 82 percent.
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VIl. HISTORICAL DATA ON FUEL EFFECTS ON EMISSIONS

A CHEVRON STUDY AND ANALYSIS

In 1984, Investligators at Chevron Research completed a
series of tests on a Cummins heavy-duty diesel englne.l/ The
test program evaluated the effects of fue! gquality on the
engine’'s emissions using a serlies of steady-state tests at
varlous loads and engine speeds. The Chevron Research evaluation
of the test data provided a2 1inear regression equation that
related particulate matter emissions to three fuel variabies -
the sulfur content, the aromatic hydrocarbon content, and the
90 percent bolling temperature. Chevron Research’'s regression
equaticn lIs:

PM = 0.00262 x XA + 0.00027 x T90 + 0.354 x %S

PM = particulate matter emlssions In grams per brake
hersepower-hour
%A = percent aromatlc hydrocarbon
T90 = 90 percent bolling temperature

XS = percent sulffur

Table 6 shows values for particulate matter emissions when
the Chevron Research correlatlion Is evaluated using various
levels of aromatic hydrocarben and sulfur contents. Chevren
Research's evaluatlon showed a major role played by the sul fur
content In emissions of particulate matter. However, the

basellne emlssions were low as a result of using steady-state
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test cycles. The aromatic hydrocarbon content is also a
signiflcant factor In Chevron research’'s predictive equation.

B. CATERPILLAR/MOBIL STUDY AND ANALYSIS

In 1988, the results of a joint study conducted by
Caterpiflar Tractor Company and Moblil Qil Corporation on diesel
fuel quallity effects on emissions was published as a Society of
Automotive Engineers (SAE) paper.z/ The Caterpillar/Mobi! study
evaluated emissions using both transient and steady-state test
cycles. Although regression equations were not developed for
emissions versus fuel! properties, the Caterpiitar/Mobil tests
indicated that, under transient cycle test conditlons, a
reduction in the aromatlic hydrocarbon content of diese!l fuel
results in significant reductions of emissions of both
partliculate matter and Nox.

Three different aromatic hydrocarbon contents of diesel
fuels were part of the fuel matrix selected by the
Caterpltlar/Mobil Investigators. The aromatic hydrocarbon
contents evaluated were 20 percent, 35 percent, and 50 percent.
Using the data presented In the Caterplllar/Mobil SAE paper, and
extrapoliating the aromatic hydrocarbon emission data to tower
values than used In the Caterpillar/Mobll study, the staff
estimates that a reduction of the aromatic hydrocarbon content
of motor vehicle diesel fuel from current levels to 10 percent by
volume would result in nearly 50 percent reductions of

particulate matter emissions.
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YIilil. CRC TEST PROGRAM

A FROGRAM DESCRIPTION

The Coordinating Research Council (CRC) Is sponsoring
a2 pregram to lnvestigate the effects of diesel fuel properties on
heavy-duty diesel exhaust emissions. This program is belng
conducted by the Southwest Research Institute (SwR!) and Involves
emission tests on three heavy-duty diese! engines using nine
different diesel fuels. The nine fuels have different aromatic
hydrocarbon content by FIAQ analysis, sulfur content, and
volatility characteristics. The ARB particlipated in this program
by sponsoring additlonal tests for two of the heavy-duty diesel
engines, Table 7 shows the average properties of the nine fuels
used by SwRI In this program.

The CummIns-NTCC 400 engine was selected as an engine
meeting the 1988 California emissions standards. The DDAD-60-11-
315 engine was selected and modifled to approach the 1991
California and federal emisslon standards. In addition to the
two engines tested, SwRI Is currently testing a third heavy-duty
diesel engine, a Navistar NiC 7.3-185. The results of tests from
this engine are expected to be avaliable by the end of 1988.
Descriptions of the engines for which tests have been completed

are presented in Table 8.
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Table 7

Average Values of Properties of Fuels

Used In the CRC Test Program

Aromatic Hydrocarbon

Fuel Number content (Vol. %)

8&

g*

Source:

17
44
47
19
34
34
34
11

43

Coordinating Research Council

*Ffuels used for ARB sponsored tests.

content (Mass %)

.302

42

sulfur

0

0

. 297

.299

.291

.286

.051

.164

.040

.067

90% BP
]

549
558
632
636
602
602
602
602

605



Table 8

Descriptions of Englines Tested by CRC

Engine Type Engine Characteristics

Cummlins NTCC400 Slx-cylinder, 14 ilter disptacement, In-~
llne, direct-injection, turbocharged,
intercecoled, rated power 400 hp at 2100

rpm, fuel consumption 153 Ib/hr.

Detroit Diesel Six-cylinder, 11 liter displacement in-
DDAD 60-11-315 line, direct-Iinjection, turbocharged,
Intercooied, rated power 315 hp at 1800

rpm, fuel consumption 105 Ib/hr.

Navistar NiC 7.3-185 Elght cyllinder, 7.3 liter displacement,
V-configuratlon, indlrect Injection,
naturally aspirated, nominal rated power
185 hp at 3300 rpm, fuel consumption

85.6 Ib/hr.
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Emission tests for thils program are conducted by using
two transient and three steady-state operating modes following
EPA standard test procedures. The two transient tests conducted
‘are the hot-start and the cold-start conditions. The three
steady~state conditions are conducted with intermediate speed
and 25 percent lcad (S1), rated speed with 25 percent load (S2),
and rated speed with 75 percent !oad (S3). The emisslion species
that are belng evaluated Include tota! particulate matter (PM),
total hydrocarbon (HC), oxides of nitrogen (NOX). carbon monoxide
(CO), soluble organlc fractions, sulfates, and benzene. As of
the date of writing of this report, test series on the Cummins-
400 and DDAD-60 diesel engines have been completed.

B. ARB DATA ANALYSIS AND METHODS

The CRC steering committee for thils project (VE-1 committee)
agreed to release to the ARB, prior to the completion of the
study the emissions test resuilts for the two engines tested to
date with the understanding that the ARB staff would perform its
own analyses and accept responsibillty for the results and the
conclusions reached. Anatysis of data from the program Iis being
conducted by Southwest Research instlitute and wiil be made
avallable In a report to be publlished in the first quarter of
1989.

The ARB staff analyzed the test results separately for each
engline and for each engine operating mode. We used the

Statistical Analysis System (SAS) regression procedure (REG)
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computer programs. The REG procedure fits least-squares
estimates to linear regression models. The procedure was used to
perform singlte and multiple variable [inear regression analyses
of aromatic hydrocarbon content, sulfur content, and 90 percent
boiltng temperature against total particulate matter,
hydrocarbons, and NOx emisslons. Statistlca! F-tests were
performed to evatuate how well the model| accounts for the
dependent varlable(s) behavior and Student's t-statistics were
used to characterlize the Independent variable contributing to the
regression model, Detalted results of our analyses of the CRC
data are Included in appendix C.

The VE-1 Committee reviewed our analysls and provided
comments which are presented In Appendix D. Based on the VE-1
committes’'s comments, the ARB staff revised the regression
equation for the Cummins engine and for particulate matter to
incorporate sulfur as on Independent varlable in additlion to FIlA
aromatic content although it |s only significant at the 90
percent level of signiflicance.

The regression equation developed from this analysis has the

form:
Emissions = A + [B x (Aromatics)] + [C x (Sulfur))
where
Emissions = Predicted emlssions Iin grams per brake

horsepower-hour
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Aromatics = Volume percent aromatic¢c hydrocarbons by the FIlA
method

Sulfur = Sulfur content, fraction by weight

The coefficients A, B, and C 'together with significance

statistlecs, are shown In Table 9 for the data from the Cummlins

and the DDAD engines.

Table 9 shows that based on the data from Cummins and DDAD
engine, for the emissions and test cycles shown, the aromatlc
hydrocarbon content and the sulfur content are significant at the
0.0001 level of significance. Values for R-squared show that for
the cold start particulate emissions, 61 to 63 percent of the
variation can be explained by the aromatic hydrocarbon and the
sulfur content as the Independent varlables. For hot start
emlssions, 62 to 78 percent of the emission variabllity Is
explained by the aromatic hydrocarbon content variable.

Table 9 also shows that based on the data from the DDAD and
Cummins engines, for NOx emissions, only the aromatic hydrocarbon
content Is significant at the 0.0001 level. The aromatic
hydrocarbon content explains 56 percent of the.variability In
cold start NOx emisslons and 62 to 75 percent of the variability

in the hot start NOx emissions.
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B. APPLICATION OF CORRELATIONS

In evaluating the emission reductlons that could be achiaved
by changes to dliese! fuel specifications, the staff used the
results of the CRC tests that are now avallabie. We beiieve that
this Is appropriate for several reasons. First, the CRC
test program provides the most extenslve data base avallable.
Second, the emission reductlons shown for reduced aromatic
hydrocarbon content using the regression equations that we have
develioped are less than the emission reductions shown for the
enly other fuel quality - emissions evailuation conducted using
transient cycle condltions (Caterplifar/Mobil test program).
Choosing the lower value for emissions reductions is 3
conservative approach. Finally, the CRcC data analysis shows the
fue! effects on emissions from current and future-prototype
engines that providges a greater degree of confldence when
estimating emission reductlions that can be achleved In the

future.

To use the data from the CRC study in evaluating the
effects of reduced aromatic hydrocarbon content eh emisslons, the
staff weighted the emission reductlon effects In the four
Fegression equations such that the hot start transient test Is
welighted by a factor of 6/7 and the cold start transient test |s
weighted by a factor of 1/7. This weighting Is consistent with
the EPA's certtfication procedure., The weightings and the

prediction equations from Tabls 9 were then used to determine

-48-



the values for emissions of'partlculate matter and Nox at various
aromatic nydrocarbon contents as shown in Table 10.

To estimate emissions In grams per horsepower-hour for PM
and Nox Using the preditive equatlions developed from the CRC
data, It was necessary to calculate separate emissions for the
SCAB and the rest of the state. The diesel! fuel used In the SCAB
I's assumed to have a sulfur content of 0.05 percent by welight.
The dlesel fuel used In other areas of the state Is assumed to
have a suifur content of 0.28 percent by welght. The estimates
shown in Tabie 11 are based on a dliesel fuel sulfur content of
0.28 percent by welght for the SCAB and of 0.05 percent for other
areas of the state and aromatlc hydrocarbon contents of 20, 15,

and 10 percent.

Using the data from Table 10, we developed Table 11. Table
11 shows the percent emission reductions for each fuel quality
scenarlo for each engine type. The table shows a significant
difference In partliculate matter and NOx emisslons reductions
between the Cummins and the DDAD englines. For example, for
particulate matter emisslions with an aromatlc hydrocarbon content
reduction from the baseline to 10 percent, the Cummins engine
shows a 17 to 20 percent reductlon versus a 10 to 31 percent
(depending on Initlal sulfur content) for the DDAD and the
CUmmins englnes. The fact that the values for the DDAD engine

show a difference |n reductions for the SCAB (10-17 percent
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reduction) compared to other areas in the state (20-31 percent)
relects the Influence of the sulfur content for the basel lne
case. The baselline sulfur content for the SCAB diese! fuel is
0.05 percent for the SCAB and 0.28 percent for the rest of the
state.
D. MUTAGENICITY STUDY

A number of exhaust particulate samples from the CRC
Cummins engine tests were coliected by SWRI and the extracts were
sent to Dr. Ronald Rasmussen of U.C. Irvine to perform Ames
mutagenicity tests. The Ames tests were conducted with ten
samples from the hot-start transient tests, ten samples from the
cold-start transient tests, and ten samples from steady-state
tests. Dr. Rasmussen reported the results of the Ames tests In a
report titled "Genotoxicity of Diesel Exhaust Particles and
Vapors Collected from Engines with and wlthout Particulate Trap
Oxldlzers," June 30, 1988.3/

The results of Dr. Rasmussen’'s tests show that in "nearly
every case Increased aromatlc content of the fuel was posltively
assocliated with mutagenic activity, although in some cases the
leve! of statistical significance was marginal." Differences of
up to ten-foid or more In mutagenic activity were seen between
fuels having either 10 or 41 percent aromatic hydrocarbon
content., Other researchers have reported two to five-fold lower
mutagenic activity In exhaust particles when using 17 percent
aromatic hydrocarbon fuel versus 36 percent aromatic fuel in

he;vy duty diesel englnes.i/

-52-



IX. EMISStONS REDUCTIONS

To evaluate the emisslons reductions that could be achieved
by changes to motor vehicle dlesel fuel quallty, we estimated the
1995 and 2010 projected baseline em)ssions Iinventory by using the
EMFAC-7 methodotogy for the on-road vehlicle emissions inventory
and the ARB's area source emisslon tnventory methodology for the
off-road vehicle emissions invéntory. We then estimated the 1995
and 2010 emisslon inventorles for each proposad regulatory
gcenario. In the development of the emission inventory estimates
for the years 1995, 2000, 2005, and 2010 and for each regulatory
scenarlio, we used the EMFAC-7 methodology and we also
incorporated the fellowing assumptions:

(a) QOn-road vehlcles.

First, as previously mentioned, we assumed that
for 1991-1994 model years HDD engine manufacturers will comply
with the 1991 emission standards by engine modiflications only and
therefore the tampering and malmalntenance Impact on emissions
for the 1991-1994 model year engines wii{l be zero. Second, we
assumed that the pre-1990 HDD englines are represented by the
Cummins CRC engine and therefore, the emissions reductlicns Iimpact
of the various regulatory scenarios wili be as shown for the
Cummins engine correlations shown Iin Table 9. For the post-199¢
englnes we have assumed that the DDAD engine represents those
engines and therefore, the emissions reductions achievable by the
var lous regulatory scenarios are the same as for the DDAD engine

correlations shown in Table 9. Third, we assumed that the
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percent reduction as estimated by the CRC correlation for both
engine types are appropriate for the trap-equipped post-1994
heavy-duty vehlicles.

(b) Off-road vehicles,

We have assumed that for at!i off-road vehlicles the
emission Impacts of the proposed regulatory scenarios will be
represented by the Cummins engine correlation as shown in Table
9.

The differences between the baseline inventory and the
Inventory under the proposed reguiatory scenarlos yield the
emission reductions In tons per day. The statewide and SCAB
emission reductions that could be achieved based on the 1995 and
2010 emisslons Inventorles are shown In Tables 12 and 13.

The potential statewlde PM emissions reductions In 1995, as
shown In the Table 12, range from B.7 tons per day for dlesel
fuel containing 20 percent aromatic hydrocarbons and 0.05 percent
sulfur, to about 14 tons per day for diesel fuel containing
10 percent aromatic hydrocarbons and 0.05 percent sulfur. For
the same levels of aromatic hydrocarbons and sulfur for the DDAD
engine, the emisslion reduction values are 1.2 tons per day and
2.4 tons per day.

The potential statewlde Nox reductions in 1995, as shown In
Table 12, range from 27 tons per day for diesel fuel containing
20 percent aromatics and 0.05 percent sulfur to 53 tons per day
for diesel fusl containing 10 percent aromatic hydrocarbons and

0.05 percent sulfur.
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The foregoing emission reductlon analysis does not conslder
reductions In secondary particulate matter that Is formed In the
atmosphere from 302 or Nox emissions from diesel englnes. it has
been reported that about 0.3 pounds of ammonium nitrate
particulate matter Is formed for each pound of Nox In the
atmosphere, and that 25 to 75 percent of SO2 emitted to the
atmosphere Is converted to particulate ammonium sulfate.if
Inciuslon of secondary particulate matter would Increase the
particulate matter reductions that could be achieved from changes

to diesel fuel quality.

In addlition to the methodology outlined above, we
evaluated the emission reductions that culd be achieved when
other test data are used to estimate fuel effects on emission
reductlions. To estimate fuei composition effects on new
technology vehlcle emissions, we assumed that the DDAD engine
tests by CRC represented future (post 1890) engine technology.
To estimate fuel composition effects on current technology
englnes we used atll of the other heavy-duty diesel engine test
data available. The results of thls approach compared to the

CRC-only approach Is shown below and In Figures 9 and 10.
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Emisslons Reductlons for Reducing Dlesel Fue!
Sulfur Content to 0.05 Percent and Aromatic
Hydrocarbon Content to 10 Percent

Emisslon Reductions, Tons Per Day

s0, PM NO
1995
Using all data 80 22 61
Using onty CRC data 80 14 53
2010Q
Using all data 96 16 86
Using only CRC data 96 11 91

The emlssion reductlons for our Proposed [(imlts on
sulfur and aromatic hydrocarbon content would be less if we used
oniy the CRC engine test data rather than altl avallable data.
Because we believe that the CRC data are the most complete data
available, and because using the Cummins engine to represent
current technoiogy engines provides conservative emisslons
reductlon estimates, we used only the CRC data In evaluating

emission reductions.

Throughout the remalnder of thls report, emission
reductions and cost-effectliveness values for which emissions
recuctions are part of the calculations wiil be based on our

*mosiin rouction data as shown in Tables 12 :nc HEOIN
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