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Development of the First CARB Certified
California Alternative Diesel Fuel

ABSTRACT

Califernia regqulations reguire a maximum ot 10% aromat.
ics content in vehicular diesel fuel starting on October 1,
1993. This is in agdition to the Federat regulations requir-
ing a maximum 500 ppm sulfur centent. Compliance with
the low aromatics rule will raquire major investments in
Calitarnia refinenes. Refiners have the potentially less-
costly option of producing a highar aramatics dieset fuel if
they can demonstrate equivalent ermissions relative 10 a
10% aromatics reterance fual.

Chevron U.5.A. Products Company has received the first
certitication from the Califorma Air Resources Board
(CARB} for an aiternative diesel fuel. In addition to
passing the stringant CARB equivalency test for oxides of
nitrogen. particulate matter, and soluble arganic fraction.
the certified fuel formulation performed better than the
reference fuel in reducing total hydrocarbon and carbon
monoxide emissions.

This paper summarnzes the research and development
carned out al Chevron Ressarch and Technology Com-
pany (CRTC) lsading to this fugl formulation ang the
CARB certification. Fuel properties for the centitied fuel,
as wall as those for the refergnce fuel are also prasented.

INTRODUCTION

Federal regulations require all highway diesel fuel to be
limited to a maximum sulfur content of 0.05% starting
October 1. 1993, Such fuels will als¢ be limited to a
minimum cetane index of 40, or a maximum aramatics
content of 35%. The California Air Resources Board
{CARB) has mandated an additionai requirement 10 lower
the fuel arormatics content 1o a maximum at 10%, atfective
QOctobar 1, 1993 (1).7

"Numbers in parentheses designate references atthe end
of the paper.
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CARB's decision 10 lowar the aromalics cortarr 3¢ “ne
fuel, as stated in their technical suppertdocument: 21 was
based on the best information available at the ime  Thig
included data genarated in a cooperative study spansgreq
by the Coordinating Research Council ICRCi as part ot
their Vehicle Emissions Pragram. VE 1 (3. 4},

The CRC project used three engines to study the etec's
of fuel propertias such as aromatics content. 30% boilirg
point, and sultur level on exhaust emissions. The stuay
cancluded that all enginas did not show the same ettect.
and that there was no simple answer 1o the effect ot fuel
properties on emissions. Although the emissions changes
with raspect to fuels ware relatively small. the study
showed that hydrocarbon (HC), carbon monoxige (CO.
oxides of nitragen (NOy), and paniculate matter PAY
semissions seemad to be reduced with fuel aromatcs
reduction. Lowering the fuel sulfur content heiped PM
reduction in all engines. Since sulfur levels were peirg
reducad by federai regulations. CARS adopted aromatcs
reduction to lower diesel engine emissions turther. with
primary emphasis on NOx.

CARB's emphasis on aromatics at the time mignt have
been altered to recognize the ettact ot fual cetane numper.
had the resuits of the next phase of the CRC program
been availabla {5. 8). This phase of the prograrm ar-
tempted to separats the effects of cetane numper and
aromatics content of tha fusel using only one ergire. re
1991 prototype DDC Series 80. The study conciuceanat
cetane number was the key to reducing HC arc CO
emissions. Both ¢cetane number and aromatics aiteciag
NQOx and PM emissions.

Lowering the aromatics cantent of diesel fuel s 'ne
current ievels of well gver 0% tO thase Deww *J°:
requiras majar capital investmeant and operarng tosts "or
severe hydrotr@ating processes inmast Calfornia reticar.
ias. This is a severe linancial durden qunng a cenoc n
which very large cagital funds are needed ‘¢ —ara 'ra
many changes required for producing reformuiaies 3ass-
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al reqguianons.

CARB has allowed fuel producers the option of praducing
a ess-costly alternative fuel with a higher aromatics
content, it equvalent emissions can be demonstrated.
Chevron took on the challenge of developing such an
alternative ‘uel and spant well aver $3 millicn in research
and deveiopment 10 come up with a certified fuei. This
effort 1s described in this pager.

CARB REGULATIONS

Subsection g ot Section 2282, Title 13. Calitornia Code of
Regulations 1), provides a detaled description of the
procedure for cartifying diesel tuel formulations rasulting
in aquivalent emissions reductons. A bnef summary of
this procedure is @ivan here for retarence.

A candidate fuel 10 be tested for emissions equivalency
must meet the ASTM D975 diesel tuel specifications. In
addition. the tollowing five fuel properties must also be
determined:

1. Sulfur content {not to exceed 500 ppm);
2. Total aromatic hydrecarbon content;

3. Polycyclic aromatic hydrocarbon content;
4. Nitrogen content;

5. Cetane numoaer.

Once the fuel is cenified “equivalent’, a preducer can
market the equivalent fuei as long as the first tour of the
above properties are not exceaded. The above deter-
mined cetane numbear is the minimym allowable.

Tha candidate fug! must be tested against a highly speci-
fied referance tue! in a Detrait Diesel Corparation (DDC)
Series-60 engine, or. if CARB determines that tha Series-60
1S no longer representative ot the post-1990 mode! year
heavy-duty diesel engine flest. than another angine found
by CARE lo be representative of such engines. One such
engine is a prototype DOC Serias-60 gngine at Southwest
Research Insttute (SwRI). This engine has been cali-
brated 1o satisfy 1991 smissions standards. The refer-
ence fusl to be usad in thesa tesis has a specific set of
praperties which CARB determined would represent the
average California 10% aromatica fuel. These propertias
are included in Tabie 1. In addition, the relerence fuel
must ba produced trom straight-run California diesel fusi
by a hydrodsasomatization process.

The reguiations provide tour choices of exhaust emis-
sions test sequences. The first ona inctudes both cold-
start and hot-start tests. The ramaining options include
hot-star emissions tests only. Refarence 1 contains the
details.

The average emissions of NOy, PM. and solubie organic
fraction (SOF) produced by the candigate and refargnce

‘LEIS dre 2TDArss. ArQ TS Al TAUST, T SIS 7T
eslabiush equiva.ency [or iuel cermincangn

C <R -Delta-Sp -2 7 ta 2n-2i
where:

C = Candidate fuel emissions,
R = Reterence fuer emissions.
Delta = Tolerance lavei:
2% of R for NQy,
4% of R for PM. and
12% of R for SOF.
Sp = Poolad standard devration.

t = The one-sided upper percentage paint of
student’s t distrtbution with 3 = 5 15 angd
2n-2 degrees of treadom.

n = Number of tasts of candidate and
refaraccs tuel.

Table ¥

Reference Fuel Specifications

ASTM Test
Property Mathod | Specificatcns

Sulfur, Wt % D 2622 | 500 ppm Max,
Araomatics. Vol % 01319* 10% Max.
Polycyclic Aromatics, Wt % | D 2425 1.4% Max.
Nitrogen, Wt % 04629 | 10 ppm Max.
Natural Cetane Number D613 48 Min.
Gravity, AP D 287 33-39 53 i
Viscasity at 40°C, ¢St D 445 2.0-4.1
Flash Paint, °C 03 54 Min.
Distillation, *C D 86

Initial Boiting Poing 171-218 {340-420 *F)

10% Recovered 204-254 (400-490 °F)

50% Recovered 243-283  (470-560 'F)

30% Recovered 288-321  (550-810 °F)

End Paint 304-349  {580-660 °F)

*SFC (D 5186) now approved by CARB as an alternative

INITIAL APPROACH

Using the best information availabie from the CRAC VE 1
study and other existing data, a fuel tormulation was
praepared and tastad formally tor CARB cartification. ithad
a relatively low aromatics level. 22.5%, and a relatively
high catane number, 53 .4, camparsd t¢ average industry
standards, and was designed to pass the original CARB
equivalency tast. The ramaining praperties were sulfur.
383 ppm. nitrogen. 225 ppm. and polycyclic aromatcs.
6.7%. This fuel passed the PM and SOF equivatency
critena but faled the NCy equivalency.




Srorty arer i3 cLer 4as cun. CARB Irangeg ne iow-
Jrcmatcs JIesgl rLle ‘g rake e eguIvalency ests more
stringert statisticaliy. In ar exploratery test. it was ge-
cided to est the eftec!s of cetane evel beyond the region
explorea by the CRC-VE-* pragram. Accordingly. a sec-
ord tuel with a very high cetane number. 62.7. was
formulated. Itused whatwe estimateqa i pe the maximum
practica amount ot cetane -mprover considering cost. and
the a0ssibilty that too high 3 cetane rumber ¢an actually
ncrease particulate emissions. Other groperties of this
fuel. with tne exception of nitrogen. 862 ppm. were similar
ta the tirst tuel. This fuel falled bath the NOy and the PM
equivaiency critera wrie pass.ng SOF.

Based on these two exploralory faiied attempts to certify
a diesel tuel tor the California market. it was conciuded
that the existing techmical information at the tims was not
sufficient to be used as a toal to formulate an acceptable
fuel. A decision was made to carry oul an intensive
research program, talored to the needs of the Califernia
regulations. to study and understang the ettacts of tuel
properties on heavy-duty diesel 8xhaust emissions.

TEST FACILITIES

Data tor this research program were mostly generated at
Chevron Research and Technology Company {CRTC)
using an engine in a heavy-duty vehicle. Some research
and all attempted CARB certification tests were carried
out at SwR! facilines using an engine on a fixed test stand.

The engine used at SwR| was a prototype DDC Serigs 60
engina. This engine was the one used in the second
phase of the CRC VE 1 program and rapresents an engine
approved by CARB for fuel certification testing. The
sngine had a nominal rated power of 246 kW {330 hp) at
1800 rpm and was calibrated to mast 1991 emissions
standards. Refaerences 5 and 6 include detailed descrip-
tions of the engine and the test facility. Engine character-
istics are reproduced from the references and are included
in Table 2.

Table 2

SwR! Prototyps DOC Series 80 Engine

Oisplacement 6-Cylinger, 11.1-Liter, 130 mm

Baorg x 139 Stroks

Turbocharged, Aftercacled {Air-
to-Air), Dirgct Injection

Configuration

Emission Controls | Elactronic Management of Fusl
Injection Timing (DDEC-1I)

246 KW (330 hip) at 1800 rpm
With 49 kg/hr {108 Ibihr) Fuel

Rated Power

1722 N'm {1270 Ft-Ib) at
1200 rpm With 42 kgrhr
{93 ibthr) Fue)

Peak Taorgue

Electromcally Controlled
Unit Injectars

Injection

Figure t - Truck Chassis Dynamometer

Hench Anmiyzer Heawd

Samoie
€0, COz. NGy .HC  Lines

l Tediar Bage  Papculste

Samper
Primery
Dllution

Figure 2 - Emisgions Sampling System

Tha heavy-duty chassis dynamometer at CRTC. shawn n
Figure 1, is dascnbed in datail in Reference 7 Trus ‘aciity
is capable of accammodating single and tandem axie
vehicias, and can simulate a driving load up to 38.600 kg
{85.000 Ib) gross vehicle waight. at speeds up to 120 kpn
(75 mph). The chassis dynamgmeter was used n ar
enging stand emulation mode for this study. In this mcae
the angine cutput 1s measurad directly. Dy irstahng a
torque 'ransducear on tha driveshaft between the rrarsmis-
sion ano the differsntial. ang the facility s capapie ot
running the engine over the standard heavy-duty Fegera.
Test Pracedure (FTP) transiant cycle.

Figure 2 is a diagram of the emissions sampling system

Emission measurements and samgling techniques were
cansistent with the FTP for transient tesiing of heavy-cu'y
diesel enginas (8). A Honba exhaust emiSSYNS 3aMairg
system and Horniba analyzers wera used to deterrmine CO

NGOx. CO2. and HC (9. 10). CO and CQz were deteciac oy
nondispersive infrared. NOy detection was core L3723




" zagmiuminescent aralyzer RC analyses empioyed a
neated flame omzanon detector and heated sampling
systems. Computer intagration and averaging af the
emissions detected during the 20-Mminute ¢ycle were com-
pared 0 bag sampies and showed exceltent agreement
baetween the two methods. A sampler with 70 mm filters
was used 10 collect particulale samplas. Thease same
*"htars were analyzed in the labaralory to determine SOF
emissions for eacn test cycle using a Soxhlet extraction
process. Carbon palance calculations. as well as grawv-
metnc mMeasurements using a Micromaotion flowmeter.
determined the tuel consumption tor each cycte,

The heavy-duty engine used in the vahicle in this facility
was 4 1991 production DOC Series 60. This engine was
specitied to be as close as possible 10 the one used at
SwRI. Engine characteristics were the same as the ones
stated in Tabie 2 with the exception of the rated power
ana torque. Rated powear output was 261 kW (350 hp) at
1800 rpm and peak torque was 1695 N-m (1250 ft-ib) at
1200 mm.

FUEL PROPERTY EFFECTS ON EMISSIONS

This section covers !est resuits -elated !0 charges r
ndividual fuel properties such as celare numper. gisil:a-
tion end paint. and viscosty. These aroperies wquic ce
Inmgst cases. less costly to alter. orinvolve a 'ower caoitas
exgengiture, than the severe aromalics reductior  Re-
sults from a stanstcally designed test mainx o vary
aramancs contentand the cetane number simuttaneous!y
as well as those trom a senes of CARB centificatior
attempts. are described in the following sections. NO,
reduction was emphas:zed throughout this study since st
was the principal cause aof the griginal failed attemats 1a
certity fuels.

Properties and descriptions of all tuels discussec n trig
paper ara summarnzed in Table 3. The tive gragoemes af
an alternative fuel required for CARB certhcation are
pravided in gach case. A brief fuel gdescription 1s histed n
the ngit-hand column for each fuet tested. Generaliy two

Table 3
Fuel Properties
o | S | |
Nima D g | 0828 D&I1 '5 C 2438 Fus Descnptidn
A 225 163 L4 T a 89 Gase Fual
A 25 ») 20 Sl 4%2 aq.t 63 A Wih (1% Celane 'Mnmv;f
A" 225 %] 350 (3K} 6 63 A Wn C 6% Celana improvar
a 27T 245 102 Y (] S54 B4 A With EF « 600'F /35% Cvamaad)
B Al 244 578 é'n 36 54 B Wih 0 6% Catane iMprove
c n 215 a5 9 21012 69 Relormulaieg Chevran Speca Ciase ©-a
[ n 218 324 95 16 69 C With 0 3% Cawane improver
o 22 734 238 388 3 e Jot Fuai
o 2 T3 493 93 o8 1s D with 0 5% Caane imosover
2280 198 «07 Q1] " 3 € 3 C' Wdh EP . §00°F « TB% Overhesd:
- 287 158 455 ) 7 91012 C' Witk 0% Ethywna Glyco Monodutyl Einet
Acetale (o Add 3% O5 1o ™8 Fum
) 249 2% =27 14 1012 - Fararmuiaed Chauran Soac) Digse Fow
4 0.8 278 a2 522 2 - Sowcra! Run yith 3 7 o5t Voscaopry
0 "8 304 CE 559 7 S| ¢ Wahoul 7%, gf e Lignt Ends g Increase
VISOOLtY [0 4 1] =S|
[ 1.1 <08 kX4 823 3 -0 Spwcal Aun Law Aromais e Fusl
A2 4.0 3 49 “ J18% 28 19.54 Aromatica Colana
az 28 3 am 55 3 211 | 13150 Argmance Coane
c2 27 ¥ n 576 3023 -1 1198 Argmatics Catane
D2 157 “ 08 57 oms 248 | 1854 Aromance Cetana
ez 185 [ o 21 3 262 | 1950 Aromatca Culene
F2 189 t98 “e 589 3188 419 | 1954200 AromancaCatane Syitur
v 5 202 L) 54 8 J i ‘% 45.200 Aromanca Celans Swiur
CF] EX 312 31 92 b 13§ [ Retersnce Fue

*SFC 0 5186 ysea 'ar A2 1hrpugr G2
“*Not measursg




Table 4

SwRI - Phase A
A P
Mean SDEV | CV°: | Mean SDEV | CV % Comparison

NO, 41780 | 006t | 147 3.9180 | 0.055 1.41 P i56.22% Lawer Than A’

PM 0.1700 | 0005 [ 285 [ 01360 | 0003 | 1.90 | Pis20% Lower Than A j
SOF q-bhp-Hr 0.0502 | 0012 | 2390 | 0.0481 0.0M 2360 | Pis 4 2% Loawer Than A’

Co 1.2880 | 0.033 | 256 1.1120 {Q.037 | 3.32 P15 13 7% Lawer Than A’

HC 0.1480 | 0.008 | 540 0.1230 | 0.008 6.33 Pis 16 3% Lower Thar A
BSFC | Lbrbhp-Hr | 0.3970 | 0.004 | 0.97 03900 | 0.0058 | 1.39 P1s 1.28% Higher Than A’ |
Work bhp-Hr 22.183 | 0.04 0.19 21.97 0.105 | 0.48 Pis 1.66% Lower Than &

tables are assaciated with @ach phass of this study. One
includes detailed emissions data for each 1est in the
seqguency it was run. These tables are attachsd as
Appendix |. The other provides a summary of test rasulls
for each phase and includes the mean and the standard
devianon for the data presentad in the first table.

INITIAL SwRI TESTS - Cne set of engine tests was
carned out at SwRI prior to initiating the CRTC experi-
ments. This set, Phase A. included Fuel A’ and Fuel P.
A was the fuel usad in the first exgicratory certfication
attempt. |t contained around 22% aromatics and had a
cetane number of around 53, using 0.1 wt % cetane
improver adgitive. P was an axpenmantai fusl produced
in a distillate hydrotreater with atmast no aromatics, sulfur,
ar nitrogen. [t had a very high natural cetane number of
around 62. The goal was to determine the maximum
venefit one could achieve if aramatics were lowered 10 an
extremely iow level. well beyand the regulaled 10%. while
the cetane number was high. This phase would aiso
provide data to redate Fuel P o A', and theratore, indirectly
to the reterence fuel, since very little of A’ and reference
tuel existed. Sufficsent supply of Fuei P was on hand.
Comparison between the two angines could also be made
if the same tuels were tested at CRTC,

The test sequence and individual luel test data are
ptesented in Table I-1 of Appendix ). Each test consisted
of two back-to-back hot-start transient emissions cycles.
On the tirst day. Fuet A was tested once and Fuel P was
tested twice. On the second day the order was raversed.

Table 4 includes the results. This testing demanstrated
that:
1. Emissions from Fuel P were significantly ‘ower
than those of A’ in all cases;

2. The maximum range tor NOy reductian based
on the lowest aromatics and a very high cetane
lavel was around 6%.;

3. Day-to-day data variation was signikcant.
Therefore, conclusions shouid not be made
based on data fram a singie day.

INITIAL CRTC TESTS - The first series of tests at CRTC
used the same fuels used at SwRl {ie. A" and P' ‘0
compliment the results abtained in Phase A ana to compare
the two engines. Two additionai fuels were incluaed in this
senes. Phasa B. and were designated A and A”. A was ne
base fual from which A' had been prapared. It cortaned no
cetane impraver and had a natural cetane number around
50. A" was the same base tusl with a high level of cetane
improver. 0.6%. 10 match the cetane number of Fuel P 1t
around 6§2. The use of cetane improver additive afec:s ine
nitrogen content of the fugl. Other propertes are unr-
changed. Phase B at CRTC had similar goals to ‘he cnes
stated above lor Phase A at Swhl.

Fuels were tested using a "Latin Square ' sequence T7e
order was seiected randomiy and is shown 0 Taoie 3
Each luel was tested lour times on the scheduled 2ay




Table 5

Test Sequence for CRTC Phase B

Week 1 | Weeak 2 | Week 3 | Week 4
Day 1 A A A P
Day 2 A A P A’
Day 3 A A A
Day 4 P A A A

The entire test lasted 4 weeks. Detailed amissions data
for alt tour fuels are includeq in Tables |-2 through I-5 in
Appendix [ Table 615 a summary of tha results for Phase
8. Thase results confirm that the twg angines yield
diflerent results but the trends are similar. The NO,
¢ifarance between A and P was around 10% on the
CRTC engine The angine at CRTC has higher NOy
emissions and lower PM and HC emissions when com-
pared to the ane at SwRI. Enough day-te-day variation
and drift existed that tuture tests should include testing of
more than ane fuei per day.

END PQINT EFFECT - The ettect of iowering tha end
point of the boiling range was investigated in Phase C.
Fue! A" was processed to remove t5% ot the heavy end.
This reduced the end paint fram 330°C (625°F) 10 316°C
{600°F). The cetane improver was also raised from 0.1%
¢ 0.6%. The resuiting fyel. B", which had a 61 cetane
number, was tested along with A’ in a 4-day test sequence
which consisted of running both fueis on each day. Data
are included in Table I-6 in Appendix |. Resulls are
summarizedin Table 7. NOy emissions for B® were about
2% lower than A". NOx emissions for A" ware 1.3% lowar
than A’ in the previous phase. Comparison of the results
from these two phases shaws that the NOy reduction tor
B" was mastly due 10 the yse of the cetane impraver and
nat the end point adjustmant.

In order 10 contirm this conclusion. additional lests were
conducted in Phase D using and paint adjustment only.
Two fuels were tested in the same patiarn as above. One
tuel. C'. was the low sulfur, catane-improved fuel Chevron
markats in the Los Angeles araa as reformulated Chavron
Special Diesel Fusl. This tuel was redistilled to remove
22% of the heavy end. reducing the and point from 345°C
(653°F) to 316°C (600°F). It was designated as Fuel £’
No other changes were made. No additional cetane
improver was used,

Table |-7 in Appendix  includes the data generated in this
phase. Tablg 8 contains the summary of the resuits. Once
again it was confirmedq that lowering of the end point did
not improve the exhaust emissions. and that the improve-
ments in the pravious phase werg mostly due ¢ the usse
of cetane improver adgitive.

BESTCURAENT COMMERCIAL LOW SULFLR = _CL -
Phase E. presented :n Tapie -8 10 Appengix | anc sum-
manzed In Tabie 8. was an attempl to evaiuate areiner
the reformulated Chevron Special Diesel Fuel, C. with the
adaition of a high leval ot cetane rmprover hag the octer-
tial to be certfied as an alternanve fuel. Thus, C” was
¢reated by adding Q.5% cetane improver adaitive to Fuel
C'. The tast sequence was the same as above Jsing botn
tuels every day for 4 days.

The eartier tests, which related amissions tram existing fuels
and CRTC engine performance to emissions from the initial
certification attempts and other tests at SwR(. were used as
atoolto judqge it a fusl hao a chance to be certified  Although
NOx emissions for the additized fuel were improved oy 1 4%
compared o the commercial fusl. the reduction was not
sufficient to consider fuel cenification.

JET FUEL - Itis common practice to biend jet fuel with No.
2 diessl fusl in wintar months to reduce the cioud point of
tha fuel to comply with ASTM D 875. Qur unoerstanding
of the CARB low aromatics digsel regulation is that winter
hlending ¢an only be done)f each compenent is a certitied
fuel. Therafore, typical commarcial jet fuel. D. and the
same fuel with 0.6% cetane improver additive were tested
in Phasa F. Tabie )-8 in Appendix 1 and Tabla 10 contain
the emissions data and the resuits.

Although NOy, PM, and SOF were all lowered by the use
of the cetane improver additive. tha reductions were not
sufticient to make the catane-improved (et fuel a possible
candidate lor certification. [n this case the fuel had a
relatively low arematics content but the cetane numper
could not be raised high enough ta lower the emissions far
srnough to match raterence fuel performance.

OXYGENATES - Phase G included a limited study of the
use ot an gxygenate companent n the fuel. Taple 11
includes a list of several oxygenated solvents ang thesr
properties. We set the following requirements for select-
ing the one we tested;

1. The oxygsenate shouid be miscible with the
diesel tuel.

2. its iash paint should not be lower than 140°F,

3. Water sclubility should be low to avoid
haze problems.

4. It shauld hava a high oxygen content to
be teasible.

It should be noted that the typical amounts ot any oxygen-
ate used in diessl fuel (severat volume percent) make it a
fuel blend componant and not a fuel additive. The above
four requiremants limited the choice of components 1o
two: ethylene glycol monobutyl ether acetate and
2-ethylhexyl acetate. The former was selected for testing
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Table 11

Oxygenates as Potential Diesel Fuei Additivas
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Butyl Drgiyrme 266 | 4 22 5 | s 736 [ 2700 ] t9ar 4 95 ]

‘Costs were oblained om Cremicat Markehing Reparier
“*Not Avalable

due to its higher flash goint and higher oxygen cantant.
Fuel F' was prapared by adding 10 wt % ethylene glycol
monghutyl ether acetate to Fuel C'. Retormulated Chav-
ran Special Diesel Fusl. The oxygen cantent of the
resulting blend was 3% by waight.

Table |-10 in Appendix | includes tha emissions data from
Phase G. Thisinformatienis summarnzedin Table 12. PM
and CO were each reduced by about 18% but NO,
emissions increased by over 3%. No further testing was
conducted using oxygenates due to the adverse effact
on NQy.

OOC ENGINE CONTROL - The 1891 OOC engine used at
CRTC should have been a 59 NOx engina. Although
most fuels tested on this engine ware exparimantal. it was
telt that NOx emissions were higher than expected. Anew
engine alectranic contral medule was obtained from DDC
and installed. Phase H, as presented in Tabia I-11 in
Appendix | and Table 13, includes a senas ot tests with
one fyel. G1; another batch of reformulated Chevron
Special Diesel Fuel. Tests warg ¢onducted before and
after the naw control was instalied. On the average NOx

emissIons were reduced by 7. 6%. from 5.54 tn 5.12 gbhp-hr
The previous conciusions are not affected by this change
since relative differencas were observed. However. com-
parison of absciute data from this point on 1o the data pnor
to this change would have to take this difference inta
account.

VISCOSITY - The last fuel property considered was
viscosity. A noncommaerciai 10% aromatics dgiesef tual, J,
with a viscosity of 3.7 ¢St at 40°C. was used as one tuel.
Fuel J was pracassedto remove 7% of the lightengs of the
boiling range and designated Fuel XK. Fuel K's viscosity
was 4.13cSt. The goal was to make mimimum changes to
other properties such as aromatics contantang the cetane
numbaer in order to test the eftact ot viscosity alone.

Results fram this part of the study, Phase |. are presented
in Tabie I-12 1 Appandix | and Table 14. The difterences
were ganerally nat large encugh to be considered for tuel
certification. NOy emissians were raised by 0.6% with the
higher viscosity fuel. PM was increased by about 4% and
SOF remained constant.




Table 12 AROMATICS AND CETANE NUMBER

EFFECTS ON EMISSIONS
CRTC - Phase G

Results presented inthe preyvious 3eCiar revedl irgl nars

i : IS NQ .NexXPensIve and simpie method ¢ SEMH 3 e
Weat 1S, Tt ew  G1T. L. fuelto CARB's requirements. No exisling Come«2iai ‘v
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= — . i e levels close to 10%. since fuel produced at this evel
required no certification. We. tharefore selecteg tre *uel
aromatics range to be from 13%to 19%. Simiar ragsan-
ing resulted n selecting a cetane number rarge 2t 37
to 58.
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Figure 3 - Five Fuel Tast Matrix

A five-fuel test matrix was designed statistically to map out
the above ranges cof aromaltics and cetane number.
Figure 3 relates the fusl names, A2, B2. C2 D2, and E2
1o these two properties. Addgitional properties for these
tive tuels are given in Table 3. Fuels were tested in a 20-
gay period which made it possible to test three fuals per
¢ay in abalanced. incompiete block design. One hot-start
transignt emissions test was conducted per day for each
atthree fuels. The test sequence was designed sothatthe
1ast fuet testad on each day was the first tuel tested on the
nextday. Each fuel was tested the same number ot times
aver the 20-day testperiod. The complate data setfor this
serigs of tasts, Phase J. is in¢luded in Table II-1 in
Appéendix il. Table 15 contains the summary of the data.

A statistical analysis was applied to determine if fuel

aftacts 1n wach case were significant at the 95% confi-
‘ence level. The results are summarized in Tagle 16,
etane number and aromatics have a significant eftecton
Ox. The Tukey Multipie Comparison Procedure was
1lized to detarmine that, with respect to NOx amissions,
1el C2 was clearly the lowest. Fuels D2. 82, and A2,
are apbout the same and higher. while@ E2 was the
ghest.

Table 18

The Signiflcance of Fuel Properties an Emissions

Cetane Aromatics
NO« Yes Yes
Particulate No Yes
SOF No No

- 14 Aramauca
52 &y 10

56 55 54 g3
Cotane 50

Figure 4 - Distribution of NOy as a Function of
Cetane and Aromatics

A predictive model tor NOy as a function of cetane number
and aromatics was developed from this data set ard 15
given as follows:

NQOx = §.296 - {0.0161) (Catane) » (0.0281) (Aromatics)

An interactive term between celane and aromatics was
found to be iInsigmificant and was, consequently. gropped
from the model. Figure 4.is a graphiC view of the mapped
region of aromatics and cetane number and their eftectan
NCy emissions.

REFERENCE FUEL RELATIONSHIP

The final phase of this study at CRTC. Phase K. included
testing a reterence fuel. By this time a limited quantity of
raferance tuel had bean produced in pilat plant taclities at
CRTC. Reference fue! preduction was a very time con-
suming and expensive process. We estimated the pro-
duction cest to be well over $30Q per gallon. It was.
therefora. nacessary to mirimize the amount of fuel used
in this phase of our study 1n orger to conserva this fuel far
certificatian tests at Swhl.

A 4-day test sequence was chosen to test the retarence
fual with the best (C2) and tha worst (E2) of the tiva fuels
used In the previgus tast matrix. One hot-star emissions
test was conducteq on each of the three fuels per day.
This allowed direct camparison of al fuels to the reference
tugl. Tabie II-2 in Appendix |l includes the compiete data
set. Tabie 17 contains the summary. Tukey's Multiple
Comparison Pracedure was used to determine which
tueis were signiticantty diffarent at the 95% contidence
level. The rasuits are summarized in Table 18. Based on
these resulls wa were optimistic that even the worst of the
five fuels, E2. with the highest level ot aromatics and the
lowest cetana number would have a good chance 1o pe
certiied. This fuel. it certified. would potentally be the
least costly of all five ta produce




Table 1
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CRTC - Phase K (Reference)

C2.13.58) E2.18:50 R2 Relorarca
Vean | SDEV | Cv* | Mean | SOEV | CV* | Mean | SOEY | - . |
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~C 002 0005 |22 22 ¢ 03 0.005 |1538 C23 03CE " a-3
BSFC iCatbon: Lo:bhp-Hr 0.38 0.008 | 1.50 0 38 05 | 1 2.8 PR 28
85FC 1Grav:metric) Lb. bip-Hr 0.3% 0.015 { 382 Q.40 0008 | 204 ] 3249 { &-a |
Waork bhp-Hr 21.30 0.047 | 022 (2148 0 294 137 |2*3 T 222
FUEL CERTIFICATION ATTEMPTS
Table 19
We attempted to certity five tueis at SwRI following the .
conclusion of the research effert at CRTC. These fuels Fuela Used in the Certification Process
are listed 1n Table 19 with additional properties provided : 1
in Table 3. The first three fuels were selected trom the Fuel | Aromatics. | Cetane | Sulfur. | Test
five-fuel test matnx discussed above. The final fuels, F2 Name | Wt % (SFC) | Number | Wtppm | Result
ang G2. were new formulations developed based on the E2 18.8 50 54 Faned
results from the first three. CARB regulations and proce-
dures described in an earlier saction of this papsr were A2 19 58 54 Passed
toilowed throughout each qualification tast. The hot-stan -

) ; 1 14 =
ermssions test oplion was seiected. This option requires o2 6 = AlEd
aminimum of 10 days of testing but has the most attractive F2 19 59 196 Passed
statistical equivalency test. The test order an sach day !
consisted of testing the reterence tuel once. the candidate Ge 15 55 202 | Pissac |

tuel twice, and the refarence fuel once again.

Tables lll-1 through IH-5 in Appendix 1) contain the com-
plete sat of results for each fuel tested. Mean and
standard geviatian values for each case are shawa on the
bottom of each tabie. Testing for Fuel E2 was haited after
4 days when it became obvious that it had no ¢hance to
pass. This wouid have been the mosteconomic of ail fuels
to produce since it had the highest aromatics level and the
lowest cetana number.

Table 18

The Significance of Fuel Differences in Emissions

A2 Vs £2 | R2Vvs. C2 | E2Vs. C2
NOx No Yes Yes
Particulate Yes Yes Yos
SOF No Yes Yas

n

Fuel A2 with the samae lavel of aromatics but much wgres
cetane number passed and became the first tuer o oe
certitied by CARB. Although NO, emissions were 3 327,
higher than that ot the reference tuel. 'he equwvaienr-
cy criterion in the regqulatien. which includes a 2°: aier-
ance leval for NQy, dllowed the fuai to pass Reterence D
Tatle 1)-2 will also show that HC emissians for s fue:
werg 37.5% batter than the reference tuel CO was 2475
better. particulate was 2.5% lower. and SOF was " 27,
tower. Infactin all cases. including the faleg atte—2:3 =2
HC and CO benafitis imprassive. despite the fac: mey are
not credited in the regulations.

Fuel D2 with a lower aromatics level along wiim cwer
celane numbar was tested next. Thistuel ‘anec ~ar s wiy

The above thrae fuels, including A2 wnicr pas:e2 ~ag
very low sulfur levels to ensure a su*tciently Cw
swons level tor particulate mater. Examiratc~ -
resulls indicated thatthere was agaod chance ' = ["3s
the sultur level 10 & meore practcal level ir
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Figure 5 - CARB Diesel Qualification Test, Fuel F2
(19:59.200)

Fuel F2 was designed to be very simiiac to the first certified
tuel with the exception of the suifur level being around 200
ppm. This fuel passed narrowly. in order to gemonstrate
how close test results from the reference and the candi-
date fuels are. wea plottad the singia-day NOy results ot this
testin Figura 5. The goal was to design fuels which would
pass the certification test yet be as econarmic as possible
to produce. For NQx, there was very little "give-away” in
propenies in all casas where we passed tha test. There
was substantial "give-away" for the other tour emissions
maeasured.

Although Fuel F2's aromatics and sulfur leveis ara of
practical use to mast refingries, its high cetane number,
99, was of seme concern to refineries which process
crude types that yislg diesel fual with alow natural cetane
aumber. If the cetana numberis too low it cannot be raised
to 59 regardless of the amount of celane improver used.
Excessive amounts of cetane improver would also in-
crease the production cost of the tuel signiticantly. Fuel
732 with lower ¢etane number and aromatics. was formu-
“tad as an alternanve and tested. It 109 passed the NQOy
\quirements narrowly as demonstrated in Figure 6. Ap-
ying the equivalency critenon. this fusl passed the NOx
'guirement Dy only 0.12%.

uccessiul certification of Fueis F2 and G2 will give
2tinenes the flexbility of producing gither a higher aro-
matics/higher cetane number luel or a Jower aromatics/
lower cetane number fusl.

COST-EFFECTIVENESS

Hawving succeeded in defimng fuals equivalent lo the
CARB-defined 10% aromatics reterence luel, we are now
N a position to do a rough estimate of the relative ¢ost-
effectiveness ot allernative emissions reduction strategies.

The ongoing National Petraleum Council {NPC) study
111} has estimated the added cost to produce CARB {10%
aromatics) diesel fuel, above and bayond the cost of
the .05 wi®s sultur diesel required by the EPA regulation,
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Figure 6 - CARB Dtesel Qualification Tast, Fuel G2
{15/55/200)

at 10c/gal. As a starting point for this estimate. the NPC
study assumes a cetane number of 45 and an aromatics
contentot 30 vol %, as reprasentative ot atypical U S dieser
fuel. This cost estimate 1s in reasonabie agreement with an
aarier pubhished astimate of 13¢/gal. {12).

The cost to produce diesel tusl maeting the compasitional
constraints which this study has demanstrated provide
aquivalent NOy emissions {and supenor PM. HC, ang CQO
emissions) to CARRB's referance fual. which will be some-
what refinery-specific. Howsever. it is ngnethgless pos-
sibie {0 estimate that cost by assuming a fuel blending
strategy which many refiners are likely tQ find attractive.
This approach would invalve producing a true 10% aro-
matics fuel. blending it with conventional low suitur aiesel
to achieve the target aromatics level, and than treating
that mixture with catane improver ta achieve the target
cetane numbaer.

Assuming that the conventional low sulfur diesel has an
aromatics content aquai to the NPC study basehne of
30%, hitting the target aromatics lavel of 13% would
require a tlend of 55% low argmatics stock and 45% low
sulfur stock. Using the NPC estimate of 10¢:gal. for the
10% aromatics stock. the incrementai cost of this biend
would be Se¢/gal.

We estimate that the base cetana number of this blend
would be about 48, and for this case the final cetane target
1s 58 to S9. Although this vanes a great deal from fuel to
fuel. commarcial cetane impravers typically require a treat
rate of 0.3 voi % 10 achieve a 10-number increase (13). At
currant market prices, this treat rate would cost about
1.5¢/gal.

The total incremental cost of the aiternative diesel s then
7e/gal. {S.5+1.5), using the assumed blending strateqy.
Since the NOQ, amissions of the alternative are equivalent
to those produced by the reference fuel. the relative NO.
cost-effectiveness is just the ratic of the two costs
7/10 = 0.7. Thus, the altarnative is 30% maore cost.
offective than 10% aramaucs diese! tor NOy alone It




Crrami s taser ‘O e 3CC1 ondl 21§3-0N5 TecuEans
qeided 2y tne aternaive ‘ormuia 1»>10% ower SOF.
=30% lower HC. »20%:10wer CO\ re@tve to the reference
tyel. the cost-eftectiveness of tne aiternative 1s even mare
artractive

A final paint worth re-emphasizing s that ¢cetang improve-
ment yields substanhal reductions in HC and CQO emis-
sicns: benefits which are not reahzed :a a2 NO, reguchon
straregy Dased on aromalics raduction.

SUMMARY

A research program was carrred out oy Chevfion
Research and Technology Company 'o evaluate the
effects of diesel fuei properties on heavy-duty engine
emissions in order ta formuiate alternative fuels which
cemply with the Califermia low aromatics diesel regula-
tions. Data were generated at the cnassis dynamomster
taciity at CRTC using a heavy-guty vehicle equipped with
a 1991 DDC Series 60 engine. Fuel cartification tests
were conducted at SwRI using a similar engine.

The effects of a number of tuel properties on emissions
were invesngated to identify less costly alternativas 1o
aromatics reduction. These included:

1. Lowering the end point of the bailing rangs:
2. Using a cetane-improved commarcial tusl:
3. Using an oxygenated componant:

4. Adjusting tha fuel viscosity:

5. Using a cetans-improved (et lual.

Since none of the above measuras resulted in formulating
a CARB certifiable fuei, a statistically dasigned five-tuel
test matrix was designed to study tha effects of varying
fuel argmatics contant and cetane number simultansously,
within practcal ranges. NOy amissions from fuels with a
range of atamatics, 13% 10 19%, and cetane number, SO
1o 58. were mapped. A modal based on thése fwo
properties was developed. Additional tests were carried
out to relate the emissians of thase tve lusls lo those of
a CARB reference fuel.

A total of five fuals were formulated hased an the resulls
of this research and tested at SwiRl far CARB certificabon.
- Three fueis passed the tests enabling Chevran to be the
first 1o recerve CARAB certification for an alternative diesel
fuel.

It 15 important to nate that data in this study were gensr-
ated using one engine at CRTC and a sumilar engine at
SwAl. This type of engine represents the type approved
by CARB for tuel certfication testing. Other types of
heavy-duty engines may exhibit a ditferent fuel:engine
interaction bul were not nvestgated in this stugy.
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CONCLUSIONS

1 I thus study NOx equivalency was tne ~gs: o oo -
parameter in the CARB aiternative ruie 2 sansiy,

2. Adjusting fuel propernies ather [han arcmatcs vas ~2°
enough (o reguce the exhaust amissigns suthcienty -2
enable a fuel ¢ become a potential canaidate *3r CARS
quablication.

3. Lowering the end parnt of the tuel's hailing rarqe rom
330°C 1825°F1 to 316°C 1800°F1 didt not aftect 1its NO,
emissions.

4. Currently produced Los Angetes retormuiated Chevron
Speacial Oigsel Fuel. with up to 5.6 wi®s celane —orover
added. ¢ould not be mproved sufticienty tor CARB e
ficaton.

5. Jet fuel addihzed with 0.6 wi%% cetlan2 morover
lowered NOy. PM. and SOF but the reductions ~ere ror
sufficient to atempt he gualificaton test.

8. The use of an oxygenate biend component :r¢reased
NCy by over 3%. PM and CO wers each reduced by aboy!
18%.

7. Increasing viscosity from 3.7 to 4.13 ¢St by tront-eng
distillation adjustment girectionally incraased NO.. PM
and CO, and directionally reduced HC. However. none gt
these eftects was sufficientto attempt to quality the fuel for
cernfication.

8. Both aromancs and cetane nurmber atfect NC, emis:
sions sigruficantly. Tharetore. in addihon to a nign cetana
number, and in order to centify a fuel the aromatcs
content of the fuel must be reduceg substantially Seiow
the current commargial levels.

9. HC and CO emissions benefits, relative to the CARB
reterance fuel. wera significant in all cases. incluaing fuels
which faied the certification test.

10. Successful centification of a 19% aromancs. S3cetare
number fuel. and a 15% aromatcs, 55 cetane numoper
fuel. will give a refinery the much needed 'iexiDiiily ot
producing @ither a higher aromatics:higher cetane Num-
her fuel or a lower aromancs:iower cetane tuel.
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APPENDIX |

Tabie I-1
SwRI - Phase A
Hat-Start Evissicns 3 Hrp- e |
NG, Paric.iale Matter 30F I HC fols} | ._:.Bg::,,,,,. "c::_f; o
| ) = A P A A A P A P Iy | E ] a ]
132191 4'9 15 1T 238 50050? wuBdE | D148 PERR 1 26 19 v 152 |-:39.-‘ e I3l
1:6 337 A1TT 736 100505 Q0851 | D15" 335 |+ 34 1132 1199 2387 iZZa It 36 i
334 997 0.0580 32 1156 T e
183 DRK] 0.0538 324 11 1334 | | i -_|{
03229 | 4269 | 3368 0.168 0.124 0.0687 | 30328 |04 [ 0120 [ 1254 | ' Q47 O a0 7382 250 ! 2
4158 | 1919 2.166 2137 J.0568 | 00348 QEt [ 0428 [ 131 | ta26 | 3399 3387 iz 2
314t 0.168 0.037C 514 r a7 v 198 225 ,
3226 Q167 0.0374 015 1292 0 392 2% : y
I
Table I-2 .
CRTC - Phase B (Woek 1)
Hot-Slart Emissions. g:bhp-Hr BSFC. Ltvbhp-w¢
Fuet 1.O. Work, bhp-Hr | CO | NO, HC f PM SQOF { Carpon Gravimetric
04342 | A 21.8% 166 | 556 | a0% { 0097 |OO04 0.40 0.42
D432 | A 21.86 160 | $5¢ {006 | 0098 | 0047 Q.39 0.44
O4la2 | A 21.84 1.67 {559 | 005 | 0.093 | 0.041 0.3¢ Q.39
0a34a2 | A 21.89 165 | 562 | 0.05 | 0.09¢ | 0.040 0.38 0.42
04831 | A" 21.87 1,73 (538 | 006 | 0.092 | 0.035 0.40 0.41
Das31 | A° 1.8 175 | 542 | 005 | 0.097 | 0.037 0.40 g 40
D 4831 | A" 21.82 1.7 | 544 | 005 [ 0.093 | 0038 Q.39 0.8
D483 | A* 21.85 165 {S37 | 0.04 | 0092 |0.038 a39 0.4t
04830 | A 2.0 150 | 538 | 003 { G087 | 0034 039 0.40
. D 4830 | A 2R 155 | 537 | 005 | 0088 | 0.034 0.39 0.40
D4830 | & 2193 154 | S21 {006 | 0.09" | 0.037 033 037
. 04630 | A 21.87 153 | 521 | 0.04 | 089 | 0.038 038 137
04632 | P 21.57 1.43 (487 | 003 | 0076 {0.033 0.38 0.38
D4822 | P 21.54 137 | 470 | 005 | 0075 | 0.034 Q.37 0.38
D4832 | P 21.33 151 |[478 | 005 [ Q078 | 0.030 0.28 039
D 4832 P 2'.46 147 (470 | Q05 | QQ78 | 0033 037 a4 '
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Tabile I-3

CRTC - Phase B {Week 2}

Hol-Start Ermissions. g bro-~e BSFC Lo ohp-Hr

Fue t D. WOrK, php-Hr - CO : NO, HC M SCF | Carbon Gravimatre I
ST ES 2176 157 | 525 | 005 [ 0990  0.028 | Q.38 ¢ 39 J
Sae3 | A 2t 44 (150 [ 509 [ 307 [0086 |0C3r | 0.38 0.78 L
S463 | A 27 33 T 520 | 004 | 0.084 , 0030 | 0.38 2.4¢
D463t | A’ 2137 147 [ 5.20 [ 004 | 0.08% |0029 | 038 037
04342 | A 2183 160 [S545 [QU8 [ 0063 [0.0933 | 038 0.39
34342 | A 2182 ‘B2 | 546 | 007 [Q086 | 0030 } Q.38 0.38
Dade2 [ A 21.77 165 542 | 006 (0086 [0029 | 038 .39
Dajya2 | A 277 165 | 542 (005 | 0.090 {0031 | 038 343
04632 | P 21.94 154 488 | 0.04 | 0073 |0.629 | 038 0 40
Dasd2 | P 2t.47 156 [ag9 | 004 0078 |oo3t | 038 0.42
D482 | P 2143 153 | 496 | 0.03 [ 0074 10036 | ¢.38 0.41
04632 | P 21.43 154 | 495 | Q.03 | 0.075 |0.028 Q.38 041
Da830 | A 21.65 188 | 558 [o005 [ 0089 [0.030 | 039 346
D4630 | A 21.81 190 [ 583 [ 005 [ 0100 {0031 [ 0.39 Q.42
D 4630 | A 21.78 170 | 554 | 0.0s | 0093 | 0032 | 0.39 0.41
04830 | A 21.76 1.73 | 548 | 004 [ 0085 | 0033 | 039 0.41

Table 1-4

CRTC - Phase B (Week 3)

Hot-S1an Emissions. g/bhp-Hr BSFC. Lbhtihn-Hr
Fuel I.0. Waork, bhp-Nr | CO | NOy | HC PM SOF | Casan | Grawmatric

04630 | A 2183 199 | 5§36 | 004 | 0083 | 0028 | 0.39 Q.49
D4830 | & 21.81 156 [532 {003 | 3083 [G.028 4.38 Q.48
04342 | A 21.73 189 [ 549 | 004 | 0093 | 0033 03 0.40
04342 | A 21.63 1.73 [ 551 | ¢Qa | 0.097 | 0.034 039 0.41
04831 | A° 21.7% 162 1949 | 002 | 00687 | 0024 0.39 040
04631 | A" 21.69 164 | 551 [ 003 | 00688 0025 039 Q 4q
03631 { A" 21.66 168 {550 [ 003 | 0083 [ 0.03% 039 Q40
04631 | A° 21.67 168 | 550 | 003 | 0.097 ;0.038 .39 0.4
D4632 | P 21.49 152 | 487 | 003 | G076 | 0.032 Q.37 042
04632 | P 21138 157 {49t | 003 0078 [0032 | 037 0.4
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Table I-5

CRTC - Phase B (Week 4)

E Hgt-3tar Emissions 3 bnp-Hr | BSFC o onp.- =
T
Fugd 1D war oro-=e | 50 I' NQy | ~C oM 1 SOF | Camor | Gravimelrg
0432 | 2 j 2 19 13 1332 | 223 | 2976 [2337 | 239 Q41 !
C4g32 | P ; 2" 4 162 (514 | G5 hRang B MRk I I T G 43
P D432 | P | 2' 13 164 {523 | 03 [ Qo80 |03 [ 239 343
Zaei2 | A 2138 6l | 526 [J3.02 | 208 [U23¢ | 2218 243
D363 | A 2163 182 | 560 | 205 | J.09% | 3C3s | 040 2 a1
C 4630 (| A 21 62 '8¢ [ 567 | 304 o' 0036 ) 043 PR _
04630 | A 2164 184 [ 568 | 9G04 [ 0.r02 3238 [ 040 iac —
D4630 | A AR | 196 | 566 | 304 | D106 | 0C4AD | 0.50 )4
C 4631 | A7 269 172 1555 | a0 039 3.42
o483t | AT 21.68 175 [ 559 ) D04 e 3.29 c.4
D 4831 | A- 21483 1.72 | 5.48 J.04 T 0.39 0.43
04631 | A" 21.54 176 | 556 0.c3 e e ¢.39 043
04342 | A 21.73 1.75 | 556 0.05 T -t 238 Qa2
0 4342 A 2168 173 | 549 2.04 A o 0.39 044
0 4342 A 2162 161 |53 32.07 e o .29 IN
Da42 § A [ 21.61 167 ) 5.47 ace A s 0.40 .41
Table -8
CRYC - Phase C
Hot-SIa Emisuong, g Onp-nr JSFC. Lbbro-mr
Fum |,0D. Work. Dhp-rr co NO, HC M SOF Caroon Giawmalng
Q0 4830 A 21.7% 18 $.40 004 0.087 74338 038 039
04830 A FRERN] 183 3.36 Q04 0.0% J.036 22% ol
D467 a FAN 1.59 55 1.04 008s 0033 0«0 02a
0 «a7q - 4 21.70 16 5.58 Q0e 0o 1.035 .39 019
D «a70 - 21.6a 172 1548 104 0092 Qo3 140 04!
Q4870 a° 2193 175 5139 0.04 0094 0.033 G.40 gar
Q «5% N 21 a1 185 5 4.03 0% 0032 0138 S a0
0 430 A 21 5% ' 88 5.54 202 ot 1032 ¢.33 * k4
O 4470 g 2182 160 |33 904 0248 0029 0% ga
D 4870 a° 21 68 183 an 0.04 Q28 Q23 2.3 040
C 4630 A 2158 196 | 567 a1 7193 0030 | 0«0 0a
O 4630 A 2158 1849 565 .02 DRI 393 J.40 oM
D 3630 A an 169 S 49 004 3088 2032 3 74
Q4570 | @ 21 48 544 00l D108 2034 0% 92
23670 o° 2142 204 539 b 38 301 2% e




Table (-7

CRTC - Phase D

ot 3lar Eissicns 3 orp-=r 33FT serpHr |
Cow ' D l[ Hors. prg- it 7Q NG, ] -G oM | SCF dencr Jravimer::e
4872 - ; 2178 ' 2 353 L - | 1329 219 340 i:
SATT !| IR ™M ] 333 bt} J b ) E i3e9 b | 2 ag
R T i 4a 3B 543 202 . 2398 9328 3 e
4388 | & i3l L 3d 333 SRR 3029 319 S
S 4694 5 R 138 ] 28 T BER [ To2: 340 T
D 1684 ! £ 2132 437 5a9 238 DRI R b} ta
2672 1 o 2134 214 IT_ 5 202 | Q197 . 5927 240 >at
4872 o 2153 2.4 575 Q03 013 JC29 FE T
o684 € 21 at 96 3’ 244 3097 Joz? 740 210
D 3584 g 21 34 198 575 JG4 ctoé ¢+ 2aMm 040 P .
04672 v i: 21 85 .- $°8 995 310 J02¢ 240 G40 _i
C 4672 53 21 63 257 577 J0e PRET 2.030 340 S4t
D72 c 21 86 198 573 003 20 T =030 241 341
04672 C 2181 2.01 5.7 004 0.104 0031 Gar Y 41
C 4584 E 2149 21 549 0.04 3997 3.032 DEY hEY
O 4584 ' 2t 4] 214 $63 204 hRRRI 2031 @ I
Table -8
CATC - Phase E
*a1-Slan Erissiony. 2. dho-Hre | ASFT Lnkrp-ne
Fugi |0 ‘Work bho-Hr co NO RC PM SCF Carbon Geav meing

D 4672 < 2' 62 215 533 2062 00 & 035 241 133
D 4§72 C 2143 216 545 [ 0119 3 341 042 FEY
04678 c* 2' 54 221 588 003 0 2037 340 240
T 4578 ct 2153 224 581 g2 FLER J 40 340
J a6 t c* 2188 1.90 5§78 003 00%6 3029 J44 4
24678 c* 2181 ] 577 203 3097 2032 130 141
T A&T2 ¢ 2184 194 582 202 o099 3030 2 340
59672 < 2182 200 288 32 0 002 J 40 130
RETH Y c- n7r2 t B .98 002 2 0O8 0032 ¢ 41 Q4
C 4578 = 2! &7 * 90 385 223 2097 2032 040 210
0 4672 o 2166 207 £78 202 3 103 3031 040 J8
G 4872 z 2' 63 274 578 g 0108 3032 3 A0 EXY
D 4§72 3 21649 206 5.98 403 104 3329 a4 34
D 4872 [+ 21 68 292 580 301 PREE] 2030 240 G4t
GET R [ 256 2:? 58t 003 PRI 2022 240 40
04678 I N 2 5 29 583 103 RDY 3529 119 G40
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Tabie I-3

CRTC - Phase F

| 41513 E—55 975 7 Brg-~r 35FC _aneg o |
r i i | - ] T i
L IE! MM prpe— 2 | No, ~C . 9N SOF 2 aroGr Sravrwre
= e 5 IR oy 37 ey T T8 140 P _‘I
3 e B ) e ia s T TIa 1 F
. O w82 ¥ 202" R ;56 T e 1 T Tas _"
T > <9 2T 354 14 A 122 EET) R
T aads = 2038 143 559 36 e e T ac R
i Dwez 1 L] 22" 39 352 | ca7 b H ] 3l 4Z
D 458 p] 1" 28 9 345 16 139 36 B 4 q
O 450 D 2128 3 365 158 3087 1338 BT T I
O 4682 = 2127 38 572 2198 1294 1 a8 113 Ta J
C 1682 > 2" 28 ™3 569 PET) BT ¢a 120 Y4
> 4691 D 2028 232 536 BEE) Y2 ECED 240 Ta
D 4681 V) 2" 2% 2N 584 ¢97 ERET 2436 N al
0«58t ] 2T 24 L 99 4ar 2a9 298 333 Sar 342
D 4681 5} 21 22 200 599 308 3102 0336 ErY Y
0 4882 g 2127 E) 573 IEH 366 0013 140 Tal
0 4502 o 2122 | s $82 206 JosT 2334 141 Y J
Tabie 10
CRTC - Phase G
Hoi-5tar Emissons. 3 bnp-rH ASFL Lavbip.Hr
Fuat | O Work. ahp-Hr cC Ny ~C LY ] SOF Carogn Aravimgtne
D 459§ 3 21 23 208 5’9 I3 v T D &1 3 a4
D 483¢ F 2133 a8 588 0.07 9098 J0e8 a4t 342
04572 c 2128 22% ERa 004 anz Qo2 0.4 Ja2
D 4572 o} 21.38 227 585 005 0.12: 003t 0 40 PR
24672 [o] FRIRL 215 843 [ ) P} 0028 0.41 042
D 4872 G 2112 217 580 0.0% 0.118 aon o4 Jaz
O +808 F 21 28 18% 596 o0 0 087 04029 pEL 743
O 4 F 2128 183 591 204 o089 FEED) .41 343
m oy aR 202 568 ¢aq7 3107 0N o 41
o | C BE-] 247 569 o 08 2.109 9038 c.a 241
0 <89 F 21.21 174 393 006 088 9.4932 04t 043
' ] F 21 174 596 J04 o087 0.004 a4 DEA]
C 469 F FARL ' 64 54 06 J 081 003 4 Jaa
D 4858 F l 2* 20 ' 59 532 14 3.08Q 0030 Q.41 3143 ]
04872 c i n 237 558 335 24 Q30 241 242 ]
D47 | ¢ f FIER) 242 55¢ 225 0129 a0ar 34 Y62 |
19




Tabie i-11

CRTC - Phase H

) =ot Srar E=i8510rs G DrQ-re SSFT LD dnp-m j
Felld Wark ono-MHr | Z0 “o, =C o SCF Zaibor Stavimetne
2 2658 3 21138 © 34 330 P ) 2389 3328 340 < a0
Z in38 il 2135 38 333 ¢33 Itm 3929 149 | 323 |
T 4638 : G 2° 19 20 542 az2 DI ] 629 238 24C |
D 4538 | S| @an rar 533 203 2,709 0 03¢ By > 40 _'II
I C 1638 ] 3 2% ar 297 5.32 sic2 0110 cCle J430 40 —|
hOJG% G! 21 42 24 5350 IR DI 3330 J3Q P :
T 1538 Gi 2132 22 $16 3 d.1a 2.024 3 e2 a2
0 2698 e} 2t 27 199 309 204 0.'08% 0926 ¢a DY
g8 | G 20 2.20 515 203 2.016 0.025 aar | 312
D 4698 G 21.40 2.06 $96 303 d110 0025 c.et Qo
-Q 1698 G 21.36 2.08 I g1 2.03 Q.11 0.02? 241 0.42
D 4638 & 236 2.33 I 55 903 Q-2 0.027 0.42 0 a2
]
Tesis 1:6. Before New Conirol
Tasis 712, Aher New Contrel
Table I-12
CRTC - Phasa |
Hol-Start Erussions. g-bhp-He BSFC. Lb-bho-Hr
Fugl D Work. bhp-Mr cO NO, HC FM SOF Caroon Grawmatng
D 4a05 J 2122 1.51 181 Q.92 2086 J.028 Q38 98
0 4405 J 2124 1.53 4885 0.0 0 087 0.03¢ 038 Q37
1 D g K 2126 1.70 4,54 .03 2091 0.029 Q33 .42
D 189 K 21.28 1.69 4,90 .01 29093 0029 0.37 04
D 4319 X 2t 22 .68 492 002 0t 0.023 637 DI ¥4
0 4419 K 21 24 1.69 4.90 0.02 0085 2.023 0.38 037
0 4405 J 2124 B Y 489 Jar 3087 1022 0.28 Q4
O 4405 J rib-14 174 an 0.ca 9038 C.024 Q.38 0 40
J 4819 K Fip. ) 183 “Nn QQ2 3099 2020 0.38 aa2
0 4819 K 213 1.88 4“9 233 0102 0.021 0.3 0.8
0 2405 J 21 2% 1 8% 504 0.03 Q3 100 o021 0.38 0.4t
0 s40% d 2129 182 507 003 3100 0.019 ] o
0 405 ¢ 2123 154 489 am 3.0 90 029 Q40
0 4408 J 2 24 + 54 492 0C4 2093 Q.027 039 039
D 1819 K 2'13 172 19% (1 ok 9397 0029 037 o
04819 K 2" 34 e | 438 302 2097 203 0.38 sa I
20




APPENDIX I
Table -1
CRTC - Phase J
Hot-Stant Emissicns gbnhg-=r ESFC Lo:brp-r
c.e 10 Werk. ghp-Mr CO NQ, =C . oM SCF  ° Carken Sravireir <
02778 Cé 2° 30 189 463 2.04 1087 1020 . 040 Rt |
D4*T9 . 02 2430 188 479 0.es 1.097 0025 1 3.4C I
PN Y A2 $1.23 ©.88 488 0.04 2087 I 3.048 360 I ) i
C 4781 A2 21.25 .67 473 4.02 2.088 :I 0.c2% 933 242 |
C 4?77 82 21.25 170 468 0.4 0.084 3023 P 639 l 233
D 4780 E2 21.34 1.82 5.11 0.04 0.092 0.033 J 239 | PRI
C 4780 €2 2128 D) 493 003 0.092 9027 040 R I
C 4?77 82 2128 1.71 475 0.04 0.088 0.028 740 RS
D 4779 D2 2130 183 5.03 0.03 0.083 0.026 0.40 ¢ 38
D 4779 02 21.30 1.80 4.68 0.04 0.095 0 025 0.40 3 41
D 4781 A2 21.30 1.84 4.91 0.03 0097 0.024 0 a1 231
04780 €2 21.32 193 495 0.04 .103 0.027 0.40 037
D 4780 g2 21.25 169 4.86 Q.03 0.080 0.022 Q.40 o 43
D 4779 D2 2129 168 480 0.03 0086 0.023 039 AL
04778 ce 21.35 1.74 489 0.03 0.088 0.022 0.39 240 |
D4778 cz2 21.29 176 4.86 Q.08 0.082 0.024 0.41 J 4t i
D 4781 A2 21.20 1.76 4.86 0.03 0092 0.024 040 03 i
D 4780 E2 2132 1.93 §.02 0.02 0.099 0.025 0.40 0.3
D 4780 E2 21.30 181 4.91 003 0.068 0.018 .40 J40 i
04778 c2 21.268 1.54 473 0.03 0.082 2.025 239 a6 |
D777 | B2 21.23 1.72 493 0.04 0.087 0.024 038 | 50
D4r77 | B2 21.24 1.63 4.86 0.03 0.088 024 0.41 042
D 4779 pr 2132 1.62 199 0.02 0.085 0.022 0.39 RED
04778 c2 21.35 1.69 4.75 003 0.088 0.021 Q40 348
04778 | C2 2126 184 480 003 0.088 0023 0.40 S
D4rar a2 2129 1.73 4.86 0.02 0.034 0.024 Q40 o 5
D 4777 B2 2130 1.80 483 003 0 095 0.024 0 40 S
L 047?77 B2 21.24 1.72 4N 0.02 0.095% Q.024 0.40 S
Dar™g oz 21.32 178 4.84 0.03 0.094 0023 0.40 237
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Tabie {{-1

CRTC - Phase J
{continued)
Hor-Stat Emissions. g bng-Hr BSFC. Lb.bRp-Hr

' Fue 1Q Work. anp-Hr Co | NO, HC PM I SOF Cargor | Grav-metnc

SEN-E A2 21 36 134 510 .02 2.099 2020 040 040

D478 | o2 2t 24 163 418 304 0.086 0.025 23 | 040 I

D 478Q g2 27 28 © 75 495 €.05 0.091 2025 0.40 0 a2

D4rFT | B2 2133 ' 77 5.03 0.04 3.092 D 025 a.39 ] 037
[ 0arT7 [ @2 ar 27 1.7 481 0.04 0.090 3.028 038 | ca
D477 D2 2+.29 172 4 88 a o3 D091 0.026 0 3% 237
D 4781 A2 21 3t 173 4.90 0.03 0.091 0.025 ¢.39 a0
D 4781 A2 21.23 1.66 492 0.03 0.08e 0.024 038 0.31
Darra | €2 21.25 1.65 475 003 0.084 0.022 0.40 0.40
Darad | E2 21.32 1.80 504 0.03 0.094 0.022 0.39 3 41
04780 | E2 21.20 168 5.01 0.64 0.09¢ 0.027 0.38 0.40
D4779 | D2 21 28 1.65 434 0.03 0Q8s 0.023 0.29 0.2g
04777 | 82 21.30 171 483 0.04 0.086 0.023 038 0.40
D 4777 B2 2122 167 4.72 0.03 0.086 0.028 0.38 0.42
D 4781 A2 2127 1.78 4.86 0.03 0.091 0.028 0.40 040
04778 | C2 21.32 177 4.89 0.04 .087 0.022 0.38 0.38
0478 ] C2 21.24 166 459 0.01 0.087 0.022 0.38 .41
D 4781 A2 21.28 1.7 4.88 0.02 0.092 0.02% Q.38 0.40
04778 | D2 21.33 1.493 4.8 0.02 0.092 0.023 0.38 0.40 l
04779 | D2 21.23 1.69 488 0.03 0.088 0.021 0.38 .41
D 4780 E2 2131 187 5.16 0.03 0.087 0.021 0.37 0.40
04778 | G2 2' 33 170 4.8 0.02 0.086 0.018 0.38 0.36
24778 | C2 2126 1.52 4.79 0.04 0.081 0.027 0.37 0.41
D4rTe | D2 2128 1.89 487 0.01 0.084 0.025 0.40 0.40
04777 | 82 21.29 1.7 4.98 0.03 0.088 0.024 0.40 0.38
04777 | B2 21.30 1.85 49 0.04 0.094 0.022 0.38 0.40
04781 A2 21.% 1.73 .04 0.03 0.089 0.017 0.41 0.40
D4780 | €2 21.36 179 5.08 0.03 0.092 0.01% 0.40 D.40
C 4780 E2 2123 1.66 4.96 0.03 0.091 0.023 0.41 0.28
D 4779 D2 21.25 1.64 484 0.02 0.086 0.022 0.3 0.40
D 4781 A2 21 34 1.9 490 0.02 0092 0.019 0.40 Q.40




Taole 11-2

CRTC - Phase K (Raterence)}

i[— =Ql-5t3an Emigsiong g Dhp-~r ! 3ASFC Lnprg.-ir i
Fuei (D, Norm snp.sr ! co NO, HC Pht SOF Carbon Qrawirasng

D 4795 l’ R2 21 31 RED 491 302 2104 4224 2.37 PEN
o473 C2 2127 ' 181 473 002 J 090 | 2.822 .39 248
D s78C £2 21 37 l 2.01 492 .03 Q.10 2.522 238 G40
D 4780 H 2N 193 4.3 2.04 3150 0.024 J38 J s i
T 4735 R2 21.36 209 5.07 3.03 2139 2025 239 bRX |
Dav7e c2 21.l4 1.85 488 0.02 [PR]: -] Q.02 2.38 237 ;
0 4735 R2 21.31 184 188 0.02 Q.087 0326 38 4G |
4780 €2 21.32 1.76 432 2.03 0.0s2 0.028 ¢3S Jan |
C477B C2 21.3% 1.72 4.70 9.02 0087 0.024 0.38 .40 l
D4r? (o7 21.26 1.64 4.66 0.03 0.086 0.025 2.39 2.40
D 4780 E2 2192 1.73 4.79 043 0.09 0.028 2.38 Q0.39
04735 R2 21.34 198 5.09 0.02 0.104 0.027 0.39 ; e

23




APPENDIX Il

Table -1

SwRI - Fuel E2 {19/50)

Hot-Start Emissions. 3 bivp. e
R BSFZ. ¢ Actual Work,
NO, 331 ‘datter 3QF ~C 20 ODrger ! ohg-mr X ;
| T Qe W
a ez, = 22| ale| alelalelale a gy 0 TROTE
P12 L 4026 | 4153 (0153 47 | A28 | 3osa | 3240 [C.r32 | 498 | 1506 | G387 [ 9382 | 2280 I’ 2256 23939
31309 | 280 | l64 | 0182 JS050 | 306! [ 5t393 |[0185 | 1499 [15v5 [ 9393 [ 0383 | 22T 2288 2339
»v2309° (1936 [ 4056 [Q162 [ C.158 | J088 P O0S6 | 2°90 | 2197 } 1536 | 1353 | 0.39G | 039C | 2264 2243 FRFT .
I
1561 [ 4240 [ 0:63 | 0.153 [ 0052 [04% [ 3:97 [92.1Ba | 15482 [ 1430 [ 0395 [ 0389 | 2254 2259 2339
112591 | a01S | 4118 | G158 | 0937 | 0945 | G048 | 3192 } D175 | 1442 ] 1335 | 0399 | D379 | 2246 2233 33138 I
1982 | 4163 | 0152 J 0138 | 2050 | Q041 (0196 | G203 | 1502 ) 1345 | 9382 | 0378 | 2249 22.55 2339
*126-91 [ 3871 | 4150 [ 0157 | 0149 | 0048 [ D047 | 2199 | 0170 | 1532 | t387 | 3.29 029 227 226 2399
I37a [ a1 DI6E (0145 | QD46 [ O.048 | Q*T2 | D17C | 1488 | t 3% | 229 23— TN 23139
| e

Mean 1958 (4128 | Q1S9 | 0148 [ 0.080 | 0.081 0.192 | J.8% '50% [ 1408 | 0291 | 0.084 | 22536 | 22.544

SOEV 0.052 [ 0.057 | 0.005 | 0.007 | 0004 |0.008 | 0009 | 0012 [ 0033 | 0070 | Q001 | 0.004 | 0.092 01

Cv% *.32 137 320 461 g46 1248 | 483 872 214 435 0.54 1.09 o4 0.49

E2:$ 4 22% Hghar € 92% Lower 2.0% Highec 1.65% Lower € A4% Lower T™an /
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‘20498

120591

12 06-91

12099

1210491

127191

t211291

121391

1216

Mean

SCEV

oV

Tabie IN-2

SwRI - Fuel A2 (19:58)

|
Fof-Sigr Emussgns Jbing.ve
| 35FC Bty Mo
NQ, Part Marer 3QF e o0 LD bro»r . '
q A2 L] a2 = A2 9 I A2 -] A2 -1 a2 9 | FR --:-‘: ‘
1336 | 40e4 | 7156 |46 [ 2C 13032 29y 32T 44§ 1100 9393 2392 2219 2 .l
K |
5363 [ 4202 [ 054, 0048 | 2245 | T l )95 J24 1503 P03 [ 039€ 2397 | 2248 MRS
L i
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Tabie lI-3

SwRI - Fuel D2 (16/54)
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: Table l1l-4

Swh| - Fuel F2 (19,59,200)
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Table IN-5

SwRI - Fuel G2 (15:55.200)
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