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Development of the First CARB Certified
California Alternative Diesel Fuel

ABSTRACT

INTRODUCTION

* Numbers in parentheses designate references at the end 
of the paper.

Manuch Nikanjam
Chevron Research and Technology Company

CARB'S decision to lower the aromatics contenf pt tne 
fuel, as statedin their technical support document 2.' was 
based on the best information available at the time This 
included data generated in a cooperative study sponsored 
by the Coordinating Research Council (CRC) as part of 
their Vehicle Emissions Program. VE 1 (3. 4).

California regulations require a maximum of 10% aromat­
ics content in vehicular diesel fuel starting on October 1. 
1993. This is in addition to the Federal regulations requir­
ing a maximum 500 ppm sulfur content. Compliance with 
the low aromatics rule will require major investments in 
California refineries. Refiners have the potentially less- 
costly option of producing a higher aromatics diesel fuel if 
they can demonstrate equivalent emissions relative to a 
10% aromatics reference fuel.

Lowering the aromatics content of diesel fuel ‘'em :ne 
current levels of well over 30% to those oe«ow 'O’: 
requires major capital investment and operating costs *or 
severe hydrotreating processes in most California refiner­
ies. This is a severe financial burden during a period n 
which very large capital funds are needed to ma*e re 
many changes requiredfor producing reformulates ;aso-

Chevron U.S.A. Products Company has received the first 
certification from the California Air Resources Board 
(CARB) for an alternative diesel fuel. In addition to 
passing the stringent CARB equivalency test for oxides of 
nitrogen, particulate matter, and soluble organic fraction, 
the certified fuel formulation performed better than the 
reference fuel in reducing total hydrocarbon and carbon 
monoxide emissions.

The CRC project used three engines to study the effects 
of fuel properties such as aromatics content. 90% boiling 
point, and sulfur level on exhaust emissions. The study 
concluded that all engines did not show the same effect, 
and that there was no simple answer to the effect of fuel 
properties on emissions. Although the emissions changes 
with respect to fuels were relatively small, the study 
showed that hydrocarbon (HC). carbon monoxide * CO 1. 
oxides of nitrogen (NOX). and particulate matter 'PMi 
emissions seemed to be reduced with fuel aromatics 
reduction. Lowering the fuel sulfur content heioed PM 
reduction in all engines. Since sulfur levels were oemg 
reduced by federal regulations. CARB adopted aromatics 
reduction to lower diesel engine emissions further, with 
primary emphasis on NOX-This paper summarizes the research and development 

carried out at Chevron Research and Technology Com­
pany (CRTC) leading to this fuel formulation and the 
CARB certification. Fuel properties for the certified fuel, 
as well as those for the reference fuel are also presented.

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 also be limited to a 
minimum cetane index of 40. or a maximum aromatics 
content of 35%. The California Air Resources Board 
(CARB) has mandated an additional requirement to tower 
the fuel aromatics content to a maximum of 10%. effective 
October 1. 1993 (1).’

CARB’S emphasis on aromatics at the time might have 
been altered to recognize the effect of fuel cetane number, 
had the results of the next phase of the CRC orogram 
been available (5. 6). This phase of the program at­
tempted to separate the effects of cetane numoer and 
aromatics content of the fuel using only one engine me 
1991 prototype ODC Series 60. The study concluded mat 
cetane number was the key to reducing hq arc CO 
emissions. Both cetane number and aromatics ahecteo 
NOX and PM emissions.



CARB REGULATIONS

Table 1

Reference Fuel Specifications

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

INITIAL APPROACH

The average emissions of NOXl PM. and soluble organic 
fraction (SOF) produced by the candidate and reference

Once the fuel is certified “equivalent", a producer can 
market the equivalent fuel as long as the first four of the 
above properties are not exceeded. The above deter­
mined cetane number is the minimum allowable.

A candidate fuel to be tested for emissions equivalency 
must meet the ASTM D975 diesel fuel specifications. In 
addition, the following five fuel properties must also be 
determined:

The regulations provide four choices of exhaust emis­
sions test sequences. The first one includes both cold­
start and hot-start tests. The remaining options include 
hot-start emissions tests only. Reference 1 contains the 
details.

The candidate fuel must be tested against a highly speci­
fied reference fuel in a Detroit Diesel Corporation (DDC) 
Series-60 engine, or. if CARB determines that the Series-60 
is no longer representative of the post-1990 model year 
heavy-duty diesel engine fleet, then another engine found 
by CARB to be representative of such engines. One such 
engine is a prototype DDC Series-60 engine at Southwest 
Research Institute (SwRI). This engine has been cali­
brated to satisfy 1991 emissions standards. The refer­
ence fuel to be used in these tests has a specific set of 
properties which CARB determined would represent the 
average California 10% aromatics fuel. These properties 
are included in Table 1. In addition, the reference fuel 
must be produced from straight-run California diesel fuel 
by a hydrodearomatization process.

Subsection g of Section 2282. Title 13. California Code of 
Regulations (1). provides a detailed description of the 
procedure for certifying diesel fuel formulations resulting 
in equivalent emissions reductions. A brief summary of 
this procedure is given here for reference.

ASTM Test

Method

(340-420 :F) 

(400-490 :F) 

(470-560 :F) 

(550-610 T)

(580-660 :F)

CARB has allowed fuel producers the option of producing 
a less-costly alternative fuel with a higher aromatics 
content, if equivalent emissions can be demonstrated. 
Chevron took on the challenge of developing such an 
alternative fuel and spent well over $3 million in research 
and development to come up with a certified fuel. This 
effort is described in this paper.

1. Sulfur content (not to exceed 500 ppm);

2. Total aromatic hydrocarbon content;

3. Polycyclic aromatic hydrocarbon content;

4. Nitrogen content;

5. Cetane number.

Using the best information available from the CRC VE 1 
study and other existing data, a fuel formulation was 
prepared and tested formally for CARB certification. It had 
a relatively low aromatics level. 22.5%, and a relatively 
high cetane number, 53.4, compared to average industry 
standards, and was designed to pass the original CARB 
equivalency test. The remaining properties were sulfur. 
363 ppm. nitrogen. 225 ppm, and polycyclic aromatics 
6.7%. This fuel passed the PM and SOF equivalency 
criteria but failed the NOX equivalency.

ire ana ‘or ccmpiyicg wm a 'arge of ctner environmen­

tal regulations.

C = Candidate fuel emissions.
R = Reference fuel emissions.

Delta = Tolerance level:
2% of R for NOx.
4% of R for PM. and
12% of R for SOF.

Sp = Pooled standard deviation.
t = The one-sided upper percentage point of 

student's t distribution with a = 0.15 and 
2n-2 degrees of freedom.

n = Number of tests of candidate and 
reference fuel.

Property

Sulfur, Wt % 

Aromatics, Vol %

Polycyclic Aromatics, Wt % 

Nitrogen, Wt %

Natural Cetane Number 

Gravity, API 

Viscosity at 40°C, cSt 

Flash Point, °C 

Distillation. 3C

Initial Boiling Point

10% Recovered 

50% Recovered

90% Recovered

End Point 

Specifications

500 ppm Max. 

10% Max. 

1.4% Max.

10 ppm Max.

48 Min.

33-39

2.0-4.1

54 Min.

D 2622 

D1319’

D2425

D4629

D613

D287

D 445 

D93

D86

171-216 

204-254

243-293

288-321

304-349

C < R - Delta - Sp '.2 n to. 2n-2) 

where:

fueis are compared, arc must aii satisfy 're ‘c^cw :c 
estaoiisn equivalency for fuel certification

2
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Figure 2 * Emissions Sampling System

Table 2

SwRI Prototype DDC Series 60 Engine

Displacement

Configuration

Emission Controls

Rated Power

Peak Torque

Injection

' 'v *

Data for 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 SwRI facilities using an engine on a fixed test stand.

Heated
Sample
Lines

Heated 
Prooes

' - L Mixing 
Orifice 

Background 
Sample

Figure 2 is a diagram of the emissions sampling system 
Emission measurements and sampling techniques were 
consistent with the FTP for transient testing of heavy-cuty 
diesel engines (8). A Honda exhaust emissions sampling 
system and Horiba analyzers were used to determine CO 
NOx. CO2. and HC (9.10). CO and CO2 were detected ov 
nondispersive infrared. NOX detection was cone wS-ng a

The engine used at SwRI was a prototype DDC Series 60 
engine. This engine was the one used in the second 
phase of the C RC VE1 program and represents an engine 
approved by CARB for fuel certification testing. The 
engine had a nominal rated power of 246 kW (330 hp) at 
1800 rpm and was calibrated to meet 1991 emissions 
standards. References 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.

Based on these two exploratory failed attempts to certify 
a diesel fuel for the California market, it was concluded 
that the existing technical information at the time was not 
sufficient to be used as a tool to formulate an acceptable 
fuel. A decision was made to carry out an intensive 
research program, tailored to the needs of the California 
regulations, to study and understand the effects of fuel 
properties on heavy-duty diesel exhaust emissions.

The heavy-duty chassis dynamometer at CRTC. shown m 
Figure 1. is described in detail in Reference 7 This facility 
is capable of accommodating single and tandem axie 
vehicles, and can simulate a driving load up to 38.600 kg 
(85.000 lb) gross vehicle weight, at speeds up to 120 kpn 
(75 mph). The chassis dynamometer was used in an 
engine stand emulation mode for this study. In this mode 
the engine output is measured directly, by installing a 
torque t-ansducer on the driveshaft between the transmis­
sion ano the differential, and the facility is capable of 
running the engine over the standard heavy-duty Federal 
Test Procedure (FTP) transient cycle.

6-Cylinder. 11.1-Liter, 130 mm
Bore x 139 Stroke____________
Turbocharged. Aftercooled (Air- 

to-Air). Direct Injection________
Electronic Management of Fuel 
Injection Timing (DDEC-II) 

246 kW (330 hp) at 1800 rpm 
With 49 kg/hr (108 Ib/hr) Fuel 
1722 N m (1270 Ft-lb) at 

1200 rpm With 42 kg/hr 
(93 Ib/hr) Fuel_______________
Electronically Controlled

Unit Injectors

S«can<tary 
TunnM

Ttdlir Bags Particulate 

Sampler

Sncny alter :nis 'uei was 'un. CARB onanged me :ow- 
arcmatics diesei ruie to mane me eauivaiency tests more 
stringent statistically, m an exploratory test, it was de­
cided to test the effects of cetane level beyond the region 
explored by the CRC-VE-1 program. Accordingly, a sec­
ond fuel with a very high cetane number. 62.7. was 
formulated. It used what we estimated to be the maximum 
practical amount of cetane improver considering cost, and 
the possibility that too high a cetane number can actually 
increase particulate emissions. Other properties of this 
fuel, with the exception of nitrogen. 862 ppm. were similar 
to the first fuel. This fuel failed both the NOX and the PM 
equivalency criteria while passing SOF.

Banch Analyzer
CO. CO2. NOi .HC

1

Primary 
Dilution
Tunnel

I

3

Figure 1 * Truck Chassis Dynamometer



FUEL PROPERTY EFFECTS ON EMISSIONS

Table 3

Fuel Properties

Dtscnoflon

6 9 A Witt* O.l%C«tan« imorovwrA' 225 363 230 53 A52 O.t

6 922.5 363 650 06 A Wrtti 0 6% Caiah* improverA" 61 5

5 4 S 1» A EP . 600:F 185% OvemeK)8 21 7 246 <02 049 4

B* 246 578 06 5 4 8 With 0 6% Cetane improver21 7 61 0

69 Reformuiateo Chevron Special Oieso* e^«iC 216 465 0.1-0.1231 509

69 C With 0 5% Cetane improverC* 2<6 924 59 5 0 631

3 4 Jet Fu*0 738 236 386 022

34 0 With 0 6% Cetane improver738 499 0622 49 9

3 E' >9 C With EP • 6OO’F 178*. Ovemeaoi’86 407E’ 23 8 50.3

0.1-0.12F 186 435 51 725 7

0 i-Q.12G- 230 527 51 624 9

Specia; Run With 3 7 cSt v<sco*ty10.9 279 102 532 0J

89911.8 304 559 0K

0 -0P 0.21 62.51.1 <0 6

0 '85 222 '9 58 AromancfrCeiane18.8 54 58A2 441

13 50 Aromatic* Cetane505 0 2.ti82 37 28112.8

i 85 13 58 Aromatc&Cetane0 023’2.7 35 311 57 6C2

256 1&54 Aromatic* Cetane0 01554 702 >5 7 306

2 62 ’950 Arom<t>c*CetaneE2 301 50 ' 0<8 5 54

1959200 Aromatics/Cetane'Suitur0 '85 4 39F2 ’88 466 589’96

36’ ■5 55 200 Aromat>c*Cetan»Su>turG2 202 341 548 0•5 ’

Aeterence FuetC95A2 9 i 49 2 396 4’2

4

Aromatics. 
% 

o iQig* 
22.5

PNA'j.

0 2*25

69

*SFC 0 5’86 u$ep ’or A2 through G2 

■’Not measured

Fue< 
Name

A

Properties and descriptions of all fuels discussed .n this 
paper are summarized in Table 3. The five properties of 
an alternative fuel required for CARB certification are 
provided in each case. A brief fuel description is hsteo m 
the right-hand column for each fuel tested. Generally two

The heavy-duty engine used in the vehicle in this facility 
was a 1991 production DDC Series 60. This engine was 
specified to be as close as possible to the one used at 
SwRI. Engine characteristics were the same as the ones 
stated in Table 2 with the exception of the rated power 
and torque. Rated power output was 261 kW (350 hp) at 
1800 rpm and peak torque was 1695 N m (1250 ft-lb) at 
1200 rpm.

cnem’iiummescent analyzer HC analyses employed a 
neated flame ionization detector and heated sampling 
systems. Computer integration and averaging of the 
emissions detected during the 20-mmute cycle were com­
pared to bag samples and showed excellent agreement 
between the two methods. A sampler with 70 mm filters 
was used to collect particulate samples. These same 
filters were analyzed in the laboratory to determine SOF 
emissions for each test cycle using a Soxhlet extraction 
process. Carbon balance calculations, as well as gravi­
metric measurements using a Micromotion flowmeter, 
determined the fuel consumption for each cycle.

C With <0% Ettw* Glyco* Monooutyi Ettw 
Act»w to AQfl 3% Og to IM Fu» 

RotormuiitM Chevron SmciAI CiAMi F-.ai

This section covers test results related to changes n 
individual fuel properties such as cetane numoer. distilla­
tion end point, and viscosity. These properties would oe 
m most cases, less costly to alter, or involve a lower caoitai 
expenditure, than the severe aromatics reduction. Re­
sults from a statistically designed test matrix to vary 
aromatics content and the cetane number simultaneously 
as well as those from a series of CARB certification 
attempts, are described in the following sections. NOr 
reduction was emphasized throughout this study since it 
was the principal cause of the original failed attempts to 
certify fuels.

CAtane
imorovAr.

%

0

j Without 7*. of Lignt Ends to increase 
Viscosity to 4 13 cSl

Soeciaj Run low Aromatics 0>e*et Fuel

Sulfur, 
oom 

D 2622 

363

Cetane 
Numoer.
0 6 ’ 3
49 7

Nitrogen, 
oom 

Q4629 

144



Table 4

SwRI * Phase A

PA'

CV %
NOX 1.47

P is 20% Lower Than A'PM 0.1700 0.003 1.900.005 0.13602.85

P IS 4.2% Lower Than A'SOP 0.0110.0502 0.0481 23.60g/bhp-Hr 0.012 23 90

P is 13.7% Lower Than A'0.0371.1120 3.32CO 1.2880 2.560.033

P is 16.9% Lower Than A'0.1230 0.008 6.335.40HC 0.1480 0.008

P is 1.28% Higher Than A’0.3900 0.005 1.39BSFC 0.3970 0.970.004Lb/bhp-Hr

P is 1.66% Lower Than A21.97 0.480.105Work 22.193 0.190.04bhp-Hr

3. Day-to-day data variation was signdicant. 
Therefore, conclusions should not be made 
based on data from a single day.

Fuels were tested using a "Latin Square sequence T-^e 
order was selected randomly and is shown m Taoie 5 
Each fuel was tested four times on the scheduieo cay

2. The maximum range for NOx reduction based 
on the lowest aromatics and a very high cetane 
level was around 6%:

1. Emissions from Fuel P were significantly lower 
than those of A* in ail cases;

SDEV
0.055

INITIAL SwRI TESTS - One set of engine tests was 
carried out at SwRI prior to initiating the CRTC experi­
ments. This set. Phase A. included Fuel A’ and Fuel P. 
A' was the fuel used in the first exploratory certification 
attempt. It contained around 22% aromatics and had a 
cetane number of around 53. using 0.1 wt % cetane 
improver additive. P was an experimental fuel produced 
in a distillate hydrotreater with almost no aromatics, sulfur, 
or nitrogen. It had a very high natural cetane number of 
around 62. The goal was to determine the maximum 
benefit one could achieve if aromatics were lowered to an 
extremely low level, well beyond the regulated 10%. while 
the cetane number was high. This phase would also 
provide data to relate Fuel P to A', and therefore, indirectly 
to the reference fuel, since very little of A* and reference 
fuel existed. Sufficient supply of Fuel P was on hand. 
Comparison between the two engines could also be made 
if the same fuels were tested at CRTC.

Mean
3.9180

_______ Comparison
P is 6.22% Lower Than A'

The test sequence and individual fuel test data are 
presented m Table 1-1 of Appendix I. Each test consisted 
of two back-to-back hot-start transient emissions cycles. 
On the first day. Fuel A* was tested once and Fuel P was 
tested twice. On the second day the order was reversed.

tables are associated with each phase of this study. One 
includes detailed emissions data for each test in the 
sequence it was run. These tables are attached as 
Appendix I. The other provides a summary of test results 
for each phase and includes the mean and the standard 
deviation for the data presented in the first table.

Table 4 includes the results. This testing demonstrated 
that;

INITIAL CRTC TESTS • The first series of tests at CRTC 
used the same fuels used at SwRI (i.e.. A' and P' to 
compliment the results obtained in Phase A and to compare 
the two engines. Two additional fuels were included m this 
series. Phase 8. and were designated A and A". A was tne 
base fuel from which A' had been prepared. It contained no 
cetane improver and had a natural cetane number around 
50. A" was the same base fuel with a high level of cetane 
improver. 0.6%. to match the cetane number of Fuei P at 
around 62. The use of cetane improver additive affects tne 
nitrogen content of the fuel. Other properties are un­
changed. Phase B at CRTC had similar goals to the ones 
stated above for Phase A at SwRI.

SDEV
0.061

Mean
4.1780

CV%
1.41

5



Table 5

Test Sequence for CRTC Phase B

Week 3Week 2Week 1 Week 4

A’A"A P

PA" A

ADay 3 A’ P A"

P A”Day 4 A’ A

2. Its flash point should not be lower than 14O:F.

4. It should have a high oxygen content to 
be feasible.

JET FUEL - It is common practice to blend jet fuel with No. 
2 diesel fuel in winter months to reduce the cloud point of 
the fuel to comply with ASTM D 975. Our understanding 
of the CARB low aromatics diesel regulation is that winter 
blending can only be done if each component is a certified 
fuel. Therefore, typical commercial jet fuel. D. and the 
same fuel with 0.6% cetane improver additive were tested 
in Phase F. Table 1-9 in Appendix I and Table 10 contain 
the emissions data and the results.

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

1. The oxygenate should be miscible with the 
diesel fuel.

Table 1-7 in Appendix I includes the data generated in this 
phase. TableScontainsthesummaryoftheresults. Once 
again it was confirmed that lowering of the end point did 
not improve the exhaust emissions, and that the improve­
ments m the previous phase were mostly due to the use 
of cetane improver additive.

In order to confirm this conclusion, additional tests were 
conducted in Phase D using end point adjustment only. 
Two fuels were tested in the same pattern as above. One 
fuel. C. was the low sulfur, cetane-improved fuel Chevron 
markets m the Los Angeles area as reformulated Chevron 
Special Diesel Fuel. This fuel was redistilled to remove 
22% of the heavy end. reducing the end point from 345°C 
(653'F) to 316’C (600aF). It was designated as Fuel E’. 
No other changes were made. No additional cetane 
improver was used.

END POINT EFFECT - The effect of lowering the end 
point of the boiling range was investigated in Phase C. 
Fuel A' was processed to remove 15% of the heavy end. 
This reduced the end point from 330°C (625’F) to 316°C 
(600°F). The cetane improver was also raised from 0.1% 
to 0.6%. The resulting fuel. B". which had a 61 cetane 
number, was tested along with A* in a 4-day test sequence 
which consisted of running both fuels on each day. Data 
are included m Table I-6 in Appendix I. Results are 
summarized in Table 7. NOX emissions for B" were about 
2% lower than A'. NOX emissions for A" were 1.3% lower 
than A' in the previous phase. Comparison of the results 
from these two phases shows that the NOX reduction for 
BN was mostly due to the use of the cetane improver and 
not the end point adjustment.

OXYGENATES • Phase G included a limited study of the 
use of an oxygenate component in the fuel. Table 11 
includes a list of several oxygenated solvents and their 
properties. We set the following requirements for select­
ing the one we tested:

The eariiertests. which related emissions from existing fuels 
and CRTC engine performance to emissions from the initial 
certification attempts and other tests at SwRl. were used as 
a tool to judge if a fuel had a chance to be certified. Although 
NOx emissions for the additized fuel were improved by i .4% 
compared to the commercial fuel, the reduction was not 
sufficient to consider fuel certification.

It should be noted that the typical amounts of any oxygen­
ate used in diesel fuel (several volume percent) make it a 
fuel blend component and not a fuel additive. The above 
four requirements limited the choice of components to 
two: ethylene glycol monobutyl ether acetate ano 
2-ethylhexyl acetate. The former was selected for testing

The entire test lasted 4 weeks. Detailed emissions data 
for all four fuels are included in Tables 1-2 through 1-5 in 
Appendix I. Table 6 is a summary of the results for Phase 
B. These results confirm that the two engines yield 
different results but the trends are similar. The NOX 
difference between A* and P was around 10% on the 
CRTC engine The engine at CRTC has higher NOX 
emissions and lower PM and HC emissions when com­
pared to the one at SwRl. Enough day-to-day variation 
and drift existed that future tests should include testing of 
more than one fuel per day.

Although NOX, PM. and SOF were all lowered by the use 
of the cetane improver additive, the reductions were not 
sufficient to make the cetane-improved jet fuel a possible 
candidate for certification. In this case the fuel had a 
relatively low aromatics content but the cetane number 
could not be raised high enough to lower the emissions far 
enough to match reference fuel performance.

BEST CURRENT COMMERCIAL LOW SULFUR ZUEL - 
Phase E. presented m Table l-8 m Appencix i ano sum­
marized in Table 9. was an attempt to evaluate wnetner 
the reformulated Chevron Special Diesel Fuel. C. with the 
addition of a high level of cetane improver had the ooter- 
tial to be certified as an alternative fuel. Thus. C” was 
created by adding 0.5% cetane improver additive to Fuel 
C. The test sequence was the same as above using both 
fuels every day for 4 days.

Day 1

Day 2 A’

6



Table 6

CRTC • Phase 8

A'A A' □

SDEVMean CV Mean C7SDEV CV % SDEVMean Mean SC E .

NCx 0.1685 49 5.48 2 390 077 1 4Q 3 07 5 41 0 129 4 95 ' 30

6 57 0 094 0 007PM 0 093 '84 Ji 53 0 07-0.006 0 087 0 01 :: o

sof g nno-Hr 16.58 0 03 0.0040 04 0.007 13.31 16 96 0 030.03 0 005 c oca

co 1 67 3.19 1.70 0.150 053 8.81 i 541 66 5 79 "s0 096 5 • ■

HC 0.017 27 65 0.0080.06 0.04 19 26 0 04 0 0331 74 C80 013 2“ j-

9SFC 0.39 0.007 0.39 0.0071 80 1 87 0 39 1 59 0 380 006 0

BSFC 3.89 0.41 0 025 6.10 0 400.41 0.016 0017 421 3 41 •3 4 ;2

21.76 0.13521 75 0.094 0.43 0.62 21.75Worx onp-Hr 0.096 21 43 •j0 44

Table 9Table 7

CRTC - Phase ECRTC • Phase C

5C6VM«an M««n ice.
CVu««r

NO, 5 "•5 85 J 0?*2 • 32
NO, 5 55 ' M 0 094 ’ 733 0932

4M 0 ’04 2 X39 i 3 ”
3 09S * '« oooa? 4No ooea 0 S3

4W->* 0 03 3 0038 •Z ')
SQF 3 03 * 06 0 002’ 8993 002’ 0 03^Wip-xr

CO 0 069 ; 3 3*2 36
0 ’70 -006• 79 7 99CC 3 '4J

MC 3 02 3 0074 3’ 33
COOS-c 3 33 03069 230' 304

asFC C4/DOAI UkOftO-w 3 0075 ■ 9*3 40 it
• 90■Ztnon, ^ortD-n’ 3 39 • 76 0 39 3 00700 0060

BSFC Gravmatnci kAOnfr'* 30’4 3 4' 4C34’353 3 23uo bro w 3 « 0014 3 40 oou
I

Mon | □no-Mf. 2' 55 3 36 0-06 3 503 382 21 59MOn ano-*

Table 8 Table 10

CRTC • Phase D CRTC • Phase F

cv% cv % Z'/ iCB-M««n

3 *'$70 0 0747 i 31 5 70 0040 NO, 582 3 '49C i.

697 ” 230 102 0 007 OOM 0 011 3920 -O' 0 0043 » 28

390 0 0039003 0 0012 003( 5CF J : xz zxiOf ^WV-Nr 3 04

0 075 3 7?3 '66 846 200; -o ' 96 ■3 089 4 53CO .4

J2.i 7 0016 41 24 3070 34 00<29 0 04 3 O' 32•’C •<

30083’ 69 3 0064 ■ 60 C^nofii L&bno-i-w 3 40 2 38Caroofi O'-O "' : *0 0 3076 3 40 BSFCBSFC :

30-3 ) 35BSFC Grfxnwmci 341’ 27 0 005 1 320 005 040

2' 26 : no : ‘4Mon □no-*2' 55 3 07’ 3 303 363jro "i
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Table 11

Oxygenates as Potential Diesel Fuel Additives

Mass ’a
Oxygenate

:o ' C■3«yaeriate ’.o Gai

Seccncary guty* Aicoroi 32 5 5 3 4 5030 22 6 "2 : ’a

35 3 2 3 ’ '26 3 35'sccropyi Acetate • 3 31 2 53 3 '2

Etryjorie Giycoi Mcnooutyi Stne' 143 2~ 3 ■ 3 5 ' 49•co 3 '50 42

s'QDyiene Giycoi Methyl Ether 36 2 3 2 6 " 6539 •co 4 5’ 0 -20 59

J,ODviepe Glycol 9utyi Ether 113 24 4 2 ' 3014 5 4 1 : -a■3 60 J>' 4 38

DnS.opropyi Ether 27 3 7 4 3 6 0862 ’00 0 46 2 30 £

i 5 8 9Dimethyl C arsenate 62 53 ’ 9 • 4Q 12 46 : :•

~ 34Ethylene Glycol Monooutyi Ether Acetate i65 1 6 30 3 3 3 0 0 83 6 5i 3 '9

2.5 2.0 9.09D'Qasic Esters 2’2 3 i 40

Diisoputyi Ketone 0.8 9.1 9 5 6.76140 0.62 3 4Q11 4 19

2-Ethyihexanoi 166 2.6 12 8 3 8 5 6.94 0.50 0 293 47

2-Ethyihexyi Acetate 5.3 5 2160 0 55 ’9 7 27 0 73 •3 285 3’

3.7Ethyl Glyme 3.8 7QQ 1 6581 3 3 27 ’ i 55 Q 44

Butyl Diglyme 5 0 9522 48 7 36 2.70 f’l 19 87244 1 4

'Costs were oDtamed from Chemical Marketing Reporter 

"Not Available

Results from this part of the study. Phase I. are presented 
m Table 1-12 in Appendix I and Table 14. The differences 
were generally not large enough to be considered for fuel 
certification. NOX emissions were raised by 0.6% with the 
higher viscosity fuel. PM was increased by about 4% and 
SOF remained constant.

SoiuPintv.

’o Water in 

Solvent

VISCOSITY - The last fuel property considered was 
viscosity. A noncommercial 10% aromatics diesel fuel. J. 
with a viscosity of 3.7 cSt at 40oC. was used as one fuel. 
Fuel J was processed to remove 7% of the light ends of the 
boiling range and designated Fuel K. Fuel K's viscosity 
was 4.13 cSt. The goal was to make minimum changes to 
other properties such as aromatics content and the cetane 
number in order to test the effect of viscosity alone.

due to its higher flash point and higher oxygen content. 
Fuel F' was prepared by adding 10 wt % ethylene glycol 
monobutyl ether acetate to Fuel C, Reformulated Chev­
ron Special Diesel Fuel. The oxygen content of the 
resulting blend was 3% by weight.

DDC ENGINE CONTROL - The 1991 DDC engine used at 
CRTC should have been a 5-g NOx engine. Although 
most fuels tested on this engine were experimental, it was 
felt that NOx emissions were higher than expected. A new 
engine electronic control module was obtained from DDC 
and installed. Phase H. as presented in Table l-il in 
Appendix I and Table 13. includes a series of tests with 
one fuel. Gl; another batch of reformulated Chevron 
Special Diesel Fuel. Tests were conducted before and 
after the new control was installed. On the average NOX 

emissions were reduced by 7.6%. from 5.54 to 5.12 g/bhp-hr. 
The previous conclusions are not affected by this change 
since relative differences were observed. However, com­
parison of absolute data from this point on to the data prior 
to this change would have to take this difference into 
account.

Cost’ 
■ Est.i

S Lb

F'asn 

Point.
c

Vol
Ciygeraie 

- pc

Cos: 
■Est i.

S Gai

•Oxygen

Mass

Extra C:s:
S Gji

Table 1-10 in Appendix I includes the emissions data from 
Phase G. This information is summarized in Tablet 2. PM 
and CO were each reduced by about 18% but NOx 
emissions increased by over 3%. No further testing was 
conducted using oxygenates due to the adverse effect 
on NOx.
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Table 12

CRTC - Phase G
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Table 14
Table 13

CRTC - Phase I
CRTC * Phase H

» 2 a6 - ■

m«4p 1 -: g .CV
iOE'<SOEV M«ar

■ ::t
sr i t

i 298 •2 594 : X6
2 '05 2 004? 4 4$ 0 "4
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SC? 4 •;Z ‘5 : 03 2»1£0 03 z 3008?0no-m

CO ' 60 2£' 3 "99 5 M5 03 2 -3
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Table 15

CRTC * Phase J

E2 <19 SO02 t>6.54)C2 113.58182(1150,

SDEVSOEV cv% Mean CV ,z» MeanSOEV CV % MeanCV% MeanM—n SOEV

0 086 i '2 2 :93 • • *4 86 201 SOO 4 9241 0 0984 72 0 114NOX 4.86 0.107 220

9 77 0 795 040 0 09 0 009 1 ?44 901 0 090 0 0054 197 0 087 0 004=M 0089 0 004

0 004 17 208 0 03 2; .15;0 024 7 055 0 024 ::a'0 099 0 002SOF 3 973 0 023 0 0020,024 0 001g,bno-Hr

5 45 1 75 0 103 5 87 • J ?6 03 ' 73 0 0941 68 0 1Q1CO 2.711 71 0 046

0 Z2~0 033 0 008 23 350 ;; a ’C0 028 0010 36 3500Qi0 32.47019 260 0 032MC 3 035 0 007

0011 2 75 •3 4 : -e2.13 0 392 98 0 39 0 0080 39 00128SFC 0 39 2 630.01

0 40 0013 3 29 0 44 1 70015 3 68 0 39 0016BSFC 3 37 0 400 40 0013

0 Q47 * ’ -0 ’5 2< 29 : 22 22‘ 29 0 3320 04 0 -90 17 2’ 29Worn 2' 28 3 036anp-Hr
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AROMATICS AND CETANE NUMBER 
EFFECTS ON EMISSIONS
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A major effort was initiated to study the effects of varying 
the fuel's aromatics content and cetane numoer simulta­
neously within a practical range. Our previous experience 
suggested aromatics would have to be at or beiow the 
20% level. On the other hand, there was no need to test 
levels close to 10%. since fuel produced at this .evei 
required no certification. We. therefore selected the *uei 
aromatics range to be from 13% to 19%. S>mnar reason­
ing resulted m selecting a cetane number range of 50 
to 58.

Results presented m the previous section reveal fna: :-ere 
is no inexpensive and simple method to certify a cesei 
fuel to CARB's requirements. No existing comme'ciai ’ue- 
could be modified by simple methods, sucn as cetane 
improver additive addition, to satisfy tne 
requirements.
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Figure 3 - Five Fuel Test Matrix

NOX » 5.296 - (0.0161) (Cetane) * (0.0281) (Aromatics)

REFERENCE FUEL RELATIONSHIP

Table 16

The Significance of Fuel Properties on Emissions

Cetane Aromatics

YesNOx Yes

NoParticulate Yes

SOF No No

16

Aromaties Content. Mass % (SFC)

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

A 4-day test sequence was chosen to test the reference 
fuel with the best (C2) and the worst (E2) of the five fuels 
used m the previous test matrix. One hot-start emissions 
test was conducted on each of the three fuels per day. 
This allowed direct comparison of all fuels to the reference 
fuel. Table 11-2 in Appendix II includes the complete data 
set. Table 17 contains the summary. Tukey's Multiple 
Comparison Procedure was used to determine which 
fuels were significantly different at the 95% confidence 
level. The results are summarized in Table 18. Based on 
these results we were optimistic that even the worst of the 
five fuels. £2. with the highest level of aromatics and the 
lowest cetane number would have a good chance to oe 
certified. This fuel, if certified, would potentially be tne 
least costly of all five to produce.

A predictive model for NOX as a function of cetane number 
and aromatics was developed from this data set and is 
given as follows:

An interactive term between cetane and aromatics was 
found to be insignificant and was. consequently, dropped 
from the model. Figure 4 is a graphic view of the mapped 
region of aromatics and cetane number and their effect on 
NOx emissions.

The final phase of this study at CRTC. Phase K. included 
testing a reference fuel. By this time a limited quantity of 
reference fuel had been produced in pilot plant facilities at 
CRTC. Reference fuel production was a very time con­
suming and expensive process. We estimated the pro­
duction cost to be well over $300 per gallon. It was. 
therefore, necessary to minimize the amount of fuel used 
in this phase of our study in order to conserve this fuel for 
certification tests at SwRI.

4.95 

4.90 

4.85 

4.80 

4.75 

4.70 - 

58

A five-fuel test matrix was designed statistically to map out 
the above ranges of aromatics and cetane number. 
Figure 3 relates the fuel names. A2. B2. C2. 02. and E2 
to these two properties. Additional properties for these 
five fuels are given in Table 3. Fuels were tested in a 20- 
day period which made it possible to test three fuels per 
day in a balanced, incomplete block design. One hot-start 
transient emissions test was conducted per day for each 
of three fuels. The test sequence was designed so that the 
last fuel tested on each day was the first fuel tested on the 
next day. Each fuel was tested the same number of times 
□ver the 20-day test period. The complete data set for this 
series of tests. Phase J. is included in Table 11-1 in 
Appendix II. Table 15 contains the summary of the data.

A statistical analysis was applied to determine if fuel 
effects m each case were significant at the 95% confi­
dence level. The results are summarized in Table 16. 
etane number and aromatics have a significant effect on 
Ox. The Tukey Multiple Comparison Procedure was 
ilized to determine that, with respect to NOX emissions, 
□el C2 was clearly the lowest. Fuels 02. 82. and A2. 
ere about the same and higher, while E2 was the 
ghest.
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Table 17

CRTC - Phase K (Reference)

E2 >19/50)C2 113.58) R2 Refe^erce

SOEV CV %Mean MeanSDEV SDEVCV % Mean Z '-J ::

NOy 4 74 0.063 1 304 88 4990.096 2.03 o ice
PM 0.088 5.446 0.10.002 2.075 0.0050.096 0 005

SQF 0.023g Dho-Hr 0 002 7 938 10.328 0 030.025 0.003 0 001 5 :63

CO 1 75 5 360.094 i 98i 86 0.135 7 24 0 ’03 5 2*

HC 0.02 0.005 22 22 0.03 0 0315 38 0 0050.005 •3 '3

BSFC 'Carbon) LD/bhp-Hr 0.38 1.50 0380.006 0.38 0 010.005 1 31 2 60

0.39 3.82 0.40BSFC (Gravimetric) Lbbhp-Hr 0.015 0 0 • 90.008 0.42.04

21.30 0.22 21.480.047 0 294 0 023Work btip-Hr 1 37 21 3

FUEL CERTIFICATION ATTEMPTS
Table 19

Fuels Used In the Certification Process

E2 50 Faiiea

A2 5819 54 Passed

D2 16 55 Failed44

F2 19 59 196 Passed

G2 15 55 202 Passed

Table 18

The Significance of Fuel Differences in Emissions

E2 Vs. C2R2 Vs. C2R2 Vs. E2

NOx No Yes Yes

Yes YesParticulate Yes

Yes YesSOF No
- 1.2

We attempted to certify five fuels at SwRI following the 
conclusion of the research effort at CRTC. These fuels 
are listed in Table 19 with additional properties provided 
in Table 3. The first three fuels were selected from the 
five-fuel test matrix discussed above. The final fuels. F2 
and G2. were new formulations developed based on the 
results from the first three. CARS regulations and proce­
dures described in an earlier section of this paper were 
followed throughout each qualification test. The hot-start 
emissions test option was selected. This option requires 
a minimum of 10 days of testing but has the most attractive 
statistical equivalency test. The test order on each day 
consisted of testing the reference fuel once, the candidate 
fuel twice, and the reference fuel once again.

Cetane 
Number

Sulfur. 
Wt ppm

54

Fuel 02 with a lower aromatics level along ewer 
cetane number was tested next. This fuel fanec rar'cwiy

Tables 111-1 through HI-5 in Appendix III contain the com­
plete set of results for each fuel tested. Mean and 
standard deviation values for each case are shown on the 
bottom of each table. Testing for Fuel E2 was halted after 
4 days when it became obvious that it had no chance to 
pass. This would have been the most economic of all fuels 
to produce since it had the highest aromatics level and the 
lowest cetane number.

Test
Result

Fuel
Name

4

Fuel A2 with the same level of aromatics but mucn nigner 
cetane number passed and became the first tuet to oe 
certified by CARB. Although NO, emissions were 3 92- > 
higher than that of the reference fuel, the equivalen­
cy criterion in the regulation, which includes a 2% toler­
ance level for NOx. allowed the fuel to pass Reference :o 
Table 111-2 will also show that HC emissions for mis fuei 
were 37.5% better than the reference fuel. CO was 24:, 
better, particulate was 2.5% lower, and SOF was 'S’s 
lower. In fact in all cases, including the faiiea atte^ots
HC and CO benefit is impressive, despite the fact mey are 
not credited in the regulations.

The above three fuels, including A2 wnich oassec -aa 
very low sulfur levels to ensure a sufficiently cw e~ s- 
sions level for particulate matter. Exammatio- :f :~e 
results indicated that there was a good chance m •* rs ase 
the sulfur level to a more practical level in

Aromatics. 
Wt%(SFC) 

18.5

11
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Fuel F2 was designed to be very similar to the first certified 
fuel with the exception of the sulfur level being around 200 
ppm This fuel passed narrowly. In order to demonstrate 
how close test results from the reference and the candi­
date fuels are. we plotted the single-day NOX results of this 
test in Figure 5. The goal was to design fuels which would 
pass the certification test yet be as economic as possible 
to produce. For NOx. there was very little ‘give-away'’ in 
properties m all cases where we passed the test. There 
was substantial 'give-away'' for the other four emissions 
measured.

The cost to produce diesel fuel meeting the compositional 
constraints which this study has demonstrated provide 
equivalent NOx emissions (and superior PM. HC. and CO 
emissions) to CARB's reference fuel, which will be some­
what refinery-specific. However, it is nonetheless pos­
sible to estimate that cost by assuming a fuel blending 
strategy which many refiners are likely to find attractive. 
This approach would involve producing a true 10% aro­
matics fuel, blending it with conventional low sulfur diesel 
to achieve the target aromatics level, and then treating 
that mixture with cetane improver to achieve the target 
cetane number.

Although Fuel F2's aromatics and sulfur levels are of 
practical use to most refineries, its high cetane number, 
59. was of some concern to refineries which process 
crude types that yield diesel fuel with a low natural cetane 
number. If the cetane number is too low it cannot be raised 
to 59 regardless of the amount of cetane improver used. 
Excessive amounts of cetane improver would also in­
crease the production cost of the fuel significantly. Fuel 
j2 with lower cetane number and aromatics, was formu- 
?ted as an alternative and tested. It too passed the NOx 
•quirements narrowly as demonstrated in Figure 6. Ap- 
ymg the equivalency criterion, this fuel passed the NOX 
•quirement by only 0.12%.

□ccessful certification of Fuels F2 and G2 will give 
efineries the flexibility of producing either a higher aro- 

matics- higher cetane number fuel or a lower aromatics/ 
lower cetane number fuel.

•■a-- Candidate 

—e— Reference

at 10c/gal. As a starting point for this estimate, the NPC 
study assumes a cetane number of 45 and an aromatics 
content of 30 vol %. as representative of a typical U.S. diesei 
fuel. This cost estimate is in reasonable agreement with an 
earlier published estimate of 13c/gal. (12).

The ongoing National Petroleum Council (NPC) study 
111) has estimated the added cost to produce CARB (10% 
aromatics) diesel fuel, above and beyond the cost of 
the .05 wt% sulfur diesel required by the EPA regulation.

Having succeeded in defining fuels equivalent to the 
CARB-defined 10% aromatics reference fuel, we are now 
m a position to do a rough estimate of the relative cost­
effectiveness of alternative emissions reduction strategies.

-•A-- Candidate

—e— Reference

l

8

Assuming that the conventional low sulfur diesel has an 
aromatics content equal to the NPC study baseline of 
30%. hitting the target aromatics level of 19% would 
require a blend of 55% low aromatics stock and 45% low 
sulfur stock. Using the NPC estimate of lOc/gal. for the 
10% aromatics stock, the incremental cost of this blend 
would be 5e/gal.

We estimate that the base cetane number of this blend 
would be about 48. and for this case the final cetane target 
is 58 to 59. Although this varies a great deal from fuel to 
fuel, commercial cetane improvers typically require a treat 
rate of 0.3 vol % to achieve a 10-number increase (13). At 
current market prices, this treat rate would cost about 
l.5e/gal.

j___
7 8
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Figure 5 - CARB Diesel Qualification Test, Fuel F2 
(19/59/200)
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The total incremental cost of the alternative diesel is then 
7e/gal. (5.5*1.5). using the assumed blending strategy. 
Since the NOX emissions of the alternative are equivalent 
to those produced by the reference fuel, the relative NO( 
cost-effectiveness is just the ratio of the two costs. 
7/10 = 0.7. Thus, the alternative is 30% more cost- 
effective than 10% aromatics diesel for NOx alone if

i i i i
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Figure 6 - CARB Diesel Qualification Test, Fuel G2 
(15/55/200)
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CONCLUSIONS

SUMMARY

1. Lowering the end point of the boiling range;

2. Using a cetane-improved commercial fuel:

3. Using an oxygenated component:

4. Adjusting the fuel viscosity:

5. Using a cetane-improved jet fuel.

4. Currently produced Los Angeles reformulatea Chevron 
Special Diesel Fuel, with up to 0.6 wt% cetane imorover 
added, could not be improved sufficiently for CARS certi­
fication.

7. Increasing viscosity from 3.7 to 4.13 cSt by front-enc 
distillation adjustment directionally increased NO«. PM 
and CO. and directionally reduced HC. However, none of 
these effects was sufficient to attempt to qualify the fuel for 
certification.

9. HC and CO emissions benefits, relative to the CARB 
reference fuel, were significant in all cases, including fueis 
which failed the certification test.

1 In this study. NOx equivalency was tne ~cs: cn' 
parameter m the CARB alternative rule to sansty

It is important to note that data in this study were gener­
ated using one engine at CRTC and a similar engine at 
SwRI. This type of engine represents the type approved 
by CARB for fuel certification testing. Other types of 
heavy-duty engines may exhibit a different fuel/engine 
interaction but were not investigated in this study.

A final point worth re-emphasizing is that cetane improve­
ment yields substantial reductions m HC and CO emis­
sions; benefits which are not realized m a NO* reduction 
strategy based on aromatics reduction.

2. Adjusting fuel properties other than aromatics *as -c: 
enough to reduce the exhaust emissions sutficerrv - 
enable a fuel to become a potential candidate 'or CARS 
qualification.

The effects of a number of fuel properties on emissions 
were investigated to identify less costly alternatives to 
aromatics reduction. These included:

A research program was carried out by Chevron 
Research and Technology Company to evaluate the 
effects of diesel fuel properties on heavy-duty engine 
emissions in order to formulate alternative fuels which 
comply with the California low aromatics diesel regula­
tions. Data were generated at the chassis dynamometer 
facility at CRTC using a heavy-duty vehicle equipped with 
a 1991 DDC Series 60 engine. Fuel certification tests 
were conducted at SwRI using a similar engine.

Since none of the above measures resulted in formulating 
a CARB certifiable fuel, a statistically designed five-fuel 
test matrix was designed to study the effects of varying 
fuel aromatics content and cetane number simultaneously, 
within practical ranges. NO* emissions from fuels with a 
range of aromatics. 13% to 19%, and cetane number. 50 
to 58. were mapped. A model based on these two 
properties was developed. Additional tests were carried 
out to relate the emissions of these five fuels to those of 
a CARB reference fuel.

10. Successful certification of a 19% aromatics. 59 cetane 
number fuel, and a 15% aromatics. 55 cetane numoer 
fuel, will give a refinery the much needed flexibility of 
producing either a higher aromatics-higher cetane num­
ber fuel or a lower aromatics/lower cetane fuel.

5. Jet fuel additized with 0.6 wt% cetane imorove^ 
lowered NOX. PM. and SOF but the reductions were not 
sufficient to attempt the qualification test.

8. Both aromatics and cetane number affect NOX emis­
sions significantly. Therefore, in addition to a hign cetane 
number, and in order to certify a fuel, the aromatics 
content of the fuel must be reduced substantially oeiow 
the current commercial levels.

• :-ecit s taixen 'or -ne accitionai emissions 'eouctions 
yielded by the alternative formula i>iO% lower SOF. 
>30% lower HC. >20% lower COv relative to the reference 
fuel, the cost-effectiveness of tne alternative is even more 
attractive.

3. Lowering the end point of the fuel’s boiling range rrom 
330:C i625:F) to 316:C (600:F) did not affect ns NO. 

emissions.

A total of five fuels were formulated based on the results 
of this research and tested at SwRI for CARB certification. 

. Three fuels passed the tests enabling Chevron to be the 
first to receive CARB certification for an alternative diesel 
fuel.

6. The use of an oxygenate blend component increased 
NOx by over 3%. PM and CO were each reduced by about 
18%.
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APPENDIX I

Table 1-1

SwRI • Phase A

Hot-Stan Emissions jlfro-Hr

CO

9 PP A A'A

3 '38 0 0507j 38 :• :75 0 0546 0 39293 2’ 91 4 10 0 146 -j : 11 1 26 0 297i 11 : 24 2- 37

0.05053 97 0.136 2 3994 16 0.177 0 0551 i 12 0 38'0.151 0 135 t 34 22 24 '• 36

0 137 j 2913 34 0.0580 0.12 1 ’6 2’ .-4I

0 1313.93 0.0538 0 2940.124 t 11 C' ST

0.06870.134 0.0328 0.141 1 047 0 401 0 382 22 2-03'2291 4 269 3 868 0.168 0.120 i 254

0 3870.137 0.0568 0.0344 0.161 0.125 9.399 22 *54 168 3.919 0.166 1 311 i 126 22 :e

0.0370 0.14 22 -60.168 1 27 0 3984 141

0.167 0.0374 0 1514 229 1 293 0 392 22 -5

Table 1-2

CRTC-Phase B (Week 1)

Hot-Start Emissions. ^bftp-Hr BSFC. Lfrbnp-Hr

0 4342

0.04721.86 i 68 5.54 0.06 0.098 0.39 0.410 4342 A

0.05 0.39 0.391.67 5.59 0.099 0.0410 4342 A 21.84

0.38 0.421.65 5.62 0.05 0.099 0.0400 4342 A 21.81

0.411.73 5.36 0.092 0.035 0.4021 87 0.060 4631 A*

0.037 0401.75 5.42 0.05 0.097 0.4021 8304631 A*

0.380.038 0.391.71 5.44 0.05 0.0930 4631 21.82A*

0.036 0 39 0.411.65 537 0.04 0.09204631 A* 21.85

0.400.087 0.034 0391.50 538 0.030 4630 22.00A-

0.39 0.405.37 0.05 0.068 0.03404630 21.90 1.55A-

0.037 0.38 0.371.54 5.21 006 0.091D4630 A' 21.93

0.370.036 0.381.53 5.21 0.04 0.06921.870 4630 A'

0.380.076 0.033 0.3821.57 1.43 487 0.030 4632 P

0.37 0.380.075 0.0341.37 4.70 0.05P 21.540 4632

0.390.380.078 0.0301.51 4.78 0.050 4632 P 21.33

0.410.078 0.0331.47 4.70 0 050 4632 P 21.46

CO

1.66

HC

0.09

Fuel l-D- 

A

I
I

SQF

0.041

SQF 

A’A

HQ____

P

Work. bhp-Hr 

21.89

Actual 

S.~D—r 

A i =■

I 22 •-

PM

0.097

partiCLnaie Mailer 
A' I P”

9SFC.

LD ShQ-Hrt 

P

Carbon

0.40

Gravimetric

0^2
NOx
5.56

0.37



Table 1-3

CRTC * Phase B (Week 2)

3SFC l 5bhD-Hrm  t.start Emissions, g orp-Hf

•3 J631

0.086 0.031 0.38D 4631 A' 21 34 0.380.071 50 5.19

0 4631 0.084 0.030 0.38 0.40A' 2’ 33 1 48 5.20 0.04

0.085 0.37D 4631 0.029 0.382i 37 1.47A" 5.20 0.04

0.063 0.390 4342 0.033 0.38A 21 83 1.60 5.45 0.08

0.086 0.390 4342 0.030 0.3821 82 1 62 0.07A 5.46

0.086 0.390.029 0.380 4342 21.77 1.65 5.42 0.06A

0.0901.65 5.42 0.05 0.031 0.38 0.430 4342 21.77A

0.073 0.0290 4632 21.94 1.54 4.88 0.04 0.38 0.40p

0 4632 1.56 0.074 0.031P 21.47 489 0.04 0.38 0.42

0.074 0.0360 4632 P 21.43 1.53 4.96 0.03 0.38 0.41

0.075 0.028 0.380 4632 21.43 1.54 4.95 0.03 0.41P

0.099 0.0300.05 0.39 0.460 4630 A' 21.65 1.88 5.58

0.100 0.031 0.39 0.420 4630 5.63 0.05A' 21.61 1.90

0.093 0.032 0.39 0.410 4630 1.70 5.54 0.04A' 21.78

0.095 0.033 0.39 0.410 4630 1.73 5.48 0.04A' 21.76

Table 1-4

CRTC - Phase B (Week 3)

BSFC. LQ/tthp-HrHot-Start Emissions. g/bhp-Hr

0 4630

0.400.083 0.028 0.381.56 5.32 0.030 4630 A' 21.81

0.400.033 03900930.0421.73 1.69 5.490 4342 A

0.39 0.410.097 0.0341.73 5.51 0.0404342 A 21.63

0.400.067 0.024 0.390.020 4631 21.75 1.62 5.49A*

0.400.025 0390.0685.51 0.030 4631 21 69 1.64A*

0.035 0.39 0400.0930.031 68 5.500 4631 21.66A'

0.39 0.410.097 0.0385.50 0.030 4631 21.67 1.69A'

0.37 0420.0320.0764.871.52 0030 4632 P 21.49

0.410.370.078 00321 57 0.030 4632 4.91P 21.38

16

CO

1.59

HC

0.04

Fuel 1.0 

A'

Rue* i D.___

A-

CO

i 67

PM

0.083

SQF

0.026

NO<

5.25

HC

0.05

SQF

0.028

PM

0.090

Wortc, PTip-Hf

21.83

Gravimetric

0.40

Worn. Dhp-Mr

21 76

Cartton

0.39

CarDon

0.38

NOX

5.36

Gravimetric 
" 0.39



Table 1-5

CRTC - Phase B (Week 4)

'■‘Ot-Slan Emissions, g 5np-i-ir 8SFC Loono-1-1'

Gravimetnc=>M Cartion

0 4632 076 0 39 0 43

D 4632 2‘ 34 1 62 5.14 0.03 0 079P 0 034 0 39 0 43

O 4632 21 33 1 64 523 0.03 0 080 0 037P 0 39 0 43

2’ 35□ 4632 P 1 63 5.26 0.02 0.08’ 0 034 0 38 0 43

0 4630 2’ 69 1 82 5.60 0 05 0.099 0.034A 0 40 0 41

21.620 4630 1.80 5.67 0.04 0.101 0 036A’ 0.40 0 44

21.600 4630 1 84 5.68 0.04 0.’02 0 038A 0.40 3 40

O 4630 21.60 1 86 5.66 0.04 0.106A 0 040 0.40 3 44

5 55D 4631 21 69 t 72 0.03 0.42A" 0.39

0 4631 21 68 1.75 5.49 0.04A* 0.39 0.41

0 4631 5.48 3.04A* 21.63 1.72 0.430.39

□ 4631 21.58 1.76 5 56 0.03A* 0 430.39

556 0.050 4342 21.73 1.75A 039 0 42

0 4342 21 66 1.79 5.40 0.04A 0.39 0 44

5.36 0.070 4342 A 21 62 1.61 0.39 0 41

1 67 5.47 0.08D4342 21.61 0.40A 0.41

Table 1-6

CRTC - Phase C

HQt-Start EmiMtong, ^onp-nr 9SFC. Lt>ttnp-Hr

0 4630

0.036 0 3904630 21.75 1.63 5.56 0.04 0.090 0.39A'

21.71 556 0.04 0 085 0.0330 4670 8* i 59 040 0 38

0.03621.70 555 0.04 0091 0.39 0 390 4670 r 1.63

0.04 0 093 0 031 040 0 410 4670 B* 21 60 ’ 72 548

0.033 0.402’ S3 1.75 5 39 0.04 0.096 0 410 4670 8*

55’ 003 0096 0.032 0 39 0 400 4630 21 61 i 85A-

0 033 0 37554 0 03 0 101 0.3904630 A’ 21 58 ’ 88

533 004 0.085 0.029 0.39 0 410 4670 2’ 82 ’ 608’

53’ 0.04 0 084 0.030 0.38 0400 4670 21 85 i 53

0.030567 0.03 0.’03 040 0 410 4630 21 58 1 96A'

0 030 0.400 4630 21 58 ’ 89 565 0.02 0.101 0 41A

0 032 0 39 0400 4630 21 7! i 69 5 49 0.04 0 088A'

544 0.03 0 fO5 0 034 0 39 0 420 4670 a- 2’ 46

0 390 4670 8* 2’ 42 2.04 5 39 0 03 o - oe ■: 4i

hc

0.04

co

1 60

HC

•:.C3

Fuel i D 

3

Fu« I.o._ 

A’

CO

’ 63

PM

0.087

NOt

5 22

Work, Dhp-Hf 

2’ 39

SQF

0 035

Work. Dhp-Hr 

21.75

Caroon

036

Gravimetric

0 39

SQF

■3 337

NO,

5.40

0 033



Table 1-7

CRTC • Phase D

3SFC zs Bro-*'-Ot-Stan g^'SS'Qns soro-xr

’M Saroor

:■ C9i ■: 39

2- ?3 : 3902 C6 j 029•:• i<5 ’2 5 59 3 39 2 40• '3

2- 64 O 0980 02 0 0283 4634 5 63 2 40 2 40• 36

0 0972- 60 0 03 0 029 4684 : 94 5 69 ■2 39 0 40c

0 0742- 59 ' 02:E 5 7: 0 083 4634 : 98 0 40 24?

21 52 0 05 0 100E' 5 69 -2 029D 4684 : 97 2 4! 2 41

21 64 0 107 0 027c- 2.14 5 71 0.020 4672 0 40 ■2 41

5 75 0 10821 59 2.14 0 03 0 029 4672 C 0 40 2 4!

5.76 0 097 ■0 0272i 61 0 04E i 96 0 40 0 40D 4684

21 54 5 75 0 104 0 031E 1 98 0 04O 4684 0 40 2 40

2.06 5 '8 0 05 0 106 0 02921 65 0 40D 4672 0 40

5 77 0 10521 63 2.07 0.0300 4672 C 0 04 0 40 2 41

21 66 5.73 0 03 0.101 0.030O 4672 C’ i 99 0 41 0 41

 4672 c- 21 61 2.01 572 0 04 0.104 0.031 0.41 0 41

0.1070 4684 E 21 49 2.11 569 0.04 0.032 0 41 0 41

0 11104684 c 21 43 2.14 569 0.04 0 033 0.40 0 41

Table 1-3

CRTC - Phase E

9SF<2 '.D-Bro-HfHor-Stan Emission;, ^pno-Hr

0 4672

0 HO 0 42585 0 04 0 041 Q 41 4672 C 21 63 2.16

0 0370 113 0 40 0 40223 555 0 030 46*8 C 21 54

0 i’2 0 031 0 40 3 40225 5610 4678 0 21 53

0 096 0 029 0 40 3 415 75 0 03 4678 C 21 65 1.90

3 40■3 097 ■3 032 0 4021 61 5.77 0 03 4678 C t 89

•0 030 0 4Q0 099 0 402164 5 82 0 02 4672 C 1 96

0 031 340 •: 400 02 0 ’0121 62 586 4672 C 200

0 032 0 41 0 4-.009621 72 1 88 598 0 02 4678 C

0 097 0 032 0 40 0 40585 0 03D4678 2’ 67 ’ 90

0 380 <03 0 031 0 405 78 0 022’ 66 207 4672

3 40 •3 410 iOS 0 032S752' 63 0 0’ 4672 2 04

0 410 029 0 415 98 0 03 0 '04 4672 C 21 69 2 06

0 410 "03 ■3 030 0 405 80 0 032 320 4672 C 21 68

0 40■3 022 0 400 03 3 0812 17 58’ 46*8 C 2’ 56

3 029 0 39•3 03 0 '095 83 4678 C 2’ 5’ 2 '9

PM

0 ”0

HC

0 03

CO

2.15

SOP

2 329

CO 

’ *2

Carpon

0 41

Gravimetric

343

SQF

0 035

Fuel I  

C

Work. Qho-Hr 

2’ 63

c.je, t 3

46*2 I

NO,

5 59

-C

2 04

Worn. pno-Hr

NO,

6 93

Gravimetric 

340

0 40



Table 1*9

CRTC • Phase F

•"Ot-Sljr’ E—'» prs ; orip-Mr 9SP-: .5 3»C-">

3M

0 4601 5 ’6 : ;so : :3* 4C 4c•34:■ 23

0 4082 5 56 : 24□- 2972- 2' : 331 4C 4:

Z 4682 5 64 2 34 2722- 23 : '.22 40 42

■Z- 4682 5 60 2 06■ 692' 25 40 4 '

□ 4682 ■ 60 5 52 3 07 3 393O’ <i 2* 3 332 423 40

0 460! 5 659 ■3 06 3 093 3 3360 2- 28 39 41

0 4681 i 83 5 65 ■3 0970 ■3 08 0 0352’ 28 ■3 39 38

D 4682 : 68 5 72 0 05 3 094 3 345o- 2’ 27 3 40 3 4:

0 4682 1 73 5 68 3 06 2 395 0 037’! 26 0 403- 41

Z 4681 2 22 5.86 0 03421 28 3 05 2 -02 •2 400 *•

0 4601 0 072’ 29 2 01 5 84 3.106 0 036 0 410 3 4!

0 408! 2’ 24 • 99 S07 3 <39 3 >05 •3 037 •3 4fO 3 42

0 4681 0 080 2i 22 200 5 99 3 102 0 036 0 41 2 41

0 4682 3 0721 27 5 73 0 096 0 033 0 40 3 41

0 4682 21 22 ■ 76 582 0.06 0 097 3 41O’ 0 034 2 41

Table MO

CRTC - Phase G

9SFC. LB-OBO-HtMot-Start Emissions,

MC SOF

□ 469^

0 469$ 585 0.07 0096 0.045 0.4t 0<2i 88f 21 33

0 4672 0 032 0.41 0 422 25 5.71 0.04 0.1172t 25C

0 467? 0 05 0 031 0.40 0 4!227 565 0.12121 36C

0 029 0.41 0 420 467? 583 004 0 1122.15C 21 31

D467? 0.05 0.031 0.41 0 4?2.17 580 0.11821 32C

0.029 041 0 43□ 4886 5.96 0.04 0 087i 85F 21 28

0 4888 0 030 0.41 2 43: 85 591 0.04 0.089F 21 28

0487? 0 07 0 031 041 0 41566 0.107202C 21.32

0.41 0 410 487? 0.06 0 0352.07 5 69 0.109C 21 29

041 0 430 03204698 593 006 0 0851 74F 21.21

0 430.087 0.034 0.410 4698 586 0 041 74P 21 21

0.41 0 440 031581 006 00810 4698 i 68P 21 <9

0.4! 0 430 030D 4698 5 92 0 04 0.0801 69F 21 20

0 030 0 41 0 4?0 05□ 467? 2 37 568 0 ’24C 2* 31

041 0 420 03!0 467? 554 0 05 0 ’292.422i 30C

19

co

2.08

Caroon

0 41

Fuet i .O 
p’

NO,

5.79

cijei i 0 
: 4681 T"

Ncn one- — 
? 23

ZZ>

■ 3'

-C

: :a 2 4 1

5QF

3 235

Carper

2 40

PM

’ 7«

NO,

5 ‘3

Gravimgtf<c 

0 44

Worn. onp-Mr 

21 23



Table 1-11

CRTC * Phase H

~«ct-5tan Er-issiQrs. g pno-nr 3SFC Ip pno-M'

=>M

■j c-ggJ •

21 35□ -633 5 55 0 03 3 101 ■j 029 0 40• 38 3 4Qj

2- 39GiD 4698 I 00 5 62 0 02 0 029 0 390 104 - 4C

3- 2- 4Q 5.580 4698 ■ 07 0 03 0 030 0 410.’09 0 40

’■ 41Gi 2.07 5.52C 4698 0.02 0 030 0 40 0 4Q0 HO

21 42 5.50G1 2 04 0 03D 4698 0.109 0.030 0 40 2 40

2’ 32 5 16Gi 2 ’2 0.03 0 42 0 42□ 4698 0.114 0.024

Gi 21 27 5.091.99 0 04 0 026 0.41D 4698 0.109 0.41

Gi 2i 34 5 '5 0 422.20 0.03 0.H6 0.025 0.410 4698

G’ 2’.40 5 06 0.025 0 412.06 0 03 0.110 0.4t0 4698

Gi 5.ii O.i ’0 0.027 0.4221.36 2.08 0.03 0 410 4698

Gi 2.33 5 16 0.420 4698 21 36 0.03 0 124 0.027 0.42

Table M2

CRTC > Phase I

8SFC. Lb bbD-MrHot-Start Emissions. g.onD-Hr

PM

D 4405 0 086

0.087 0.030 0.38 0.3721.24 1.53 0.03D 4405 J 485

0.029 038 0.4221 26 1.70 0.03 0.091D4819 K 4.94

0.410 093 0.029 0371.69 0.010 4819 K 21.28 4.90

0 370.023 0.370.02 0 HOK 21 22 1.66 4 92□ 4819

0.023 0 370 095 0.380.0204819 K 21 24 1 61 490

0.410 097 0.022 0.382124 0 01D 4405 1.72 4.89J

0 400 098 0.024 0382127 1.74 0.034.77D 4405 J

0 420 020 0.3821.26 0 02 0 0991 83 4 910 4819 K

0.410 102 0.021 0.380 03K 21.32 1 860 4819 4.91

0.410 021 0.380.03 0 10021 29 1.85 5.040 4405 J

0.410.019 0 380 1001 82 5.07 0.030 4405 21 29J

038 0 400 030.09121 23 i 54 4 89 0.01D 4405 J

0 390.027 0.391 54 004 0 0930 4405 21 24 4 92J

037 0.410 0290 09721 33 1 72 4 95 0 03D 4819 K

0.38 0 410 030 097: 74 0 020 4819 K 2i 34 4 98

20

CO

• 94

HC

0.02

CO

1.51

NQX

481

Fuel I.D. 

J

NO,

5 50

Tests 1 -6. Before New Control 

Tests 7-12: After New Control

0 04

F-;ei i 0 

-D 4698

SQF

0.028

Caroor

0.40

Carbon

0.38

Work. onp-Hr

21.22

Wont. pno-Hr

21 35

Gravimetnc
0~38

Gravimeir'C 

C40

SQF

0 028



APPENDIX II

Table 11-1

CRTC - Phase J

I
BSPC. L3.'0rq• HrHot-Start Emissions. g/bfip-Hr

PM GravimeU'C

0.097C2 0 40

D 4779 0.05 0.097 0 3702 4.79 0.025 0.4021.30 1 88

0 4781 0.097488 0.04 0.048 0 40 0 28A2 21.33 1 88

0.088 0.0250 4781 1.67 4.73 0.02 0.39 0 42A2 21.25

0.084 0.023 0 400 4777 82 21.25 1.70 4.68 0.04 0 39

0.092 0.033D 4780 1.82 5.11 0.04 0.39 0.40E2 21.34

0.0271.71 4.93 0.03 0.0920 4780 E2 21 28 0.40 0 41

4.75 0.04 0.0250 4777 82 21.26 1.71 0.088 0.40 0 41

5.03 0.03 0.093 0.026D 4779 02 21.30 1 83 0.40 0 38

0.040 4779 02 4.66 0.095 0.02521.30 1.80 0.40 0 41

0.03 0.0970 4781 4.91 0.024A2 21.30 1.84 0.41 0.41

0 4780 E2 4.95 0.04 0.103 0.027 0 3721.32 1.93 0.40

0.03 0.022 0.400 4780 E2 4.86 0.090 0 4021.25 1.69

0.0234.80 0.03 0.086 0.39 C 400 4779 02 1.6621.29

0.03 0.088 0.022 0.39 0 400 4778 C2 4.6921.35 1.74

0.05 0.092 0.024 0.41 0 414.860 4778 C2 21.29 1.76

0.024 0 370.03 0.092 0.401.76 4.860 4781 A2 21.30

0.0250.02 0.099 0.40 0.405.020 4780 E2 21.32 1.93

0.0180.03 0.066 0.40 0 404.910 4780 E2 21.30 1.61

0.025 0.39 0 400.03 0.0824.730 4 778 C2 21.26 1.54

i0.087 0.024 0.39 0 404.93 0.041.720 4777 82 21.33

0.024 0 40003 0.414.86 0.08882 1.63D 4777 21.24

0 370.085 0.022 0.390.024990 4779 02 21.32 1.62

•0 400.086 0.021 0.404.75 0.030 4778 C2 21.35 1.69

0.023 0.40 0 410.0884.60 0.03C2 21.26 1.640 4778

0.024 0.40 0 414.86 0.02 0.0941.730 4781 A2 2129

0.024 0.40 0 -100.03 0.0954.931.8082 21.300 4777

0.024 0.40 : 4’0.0954.91 0.0221.24 1.72D 4777 82

3 370023 0.404.84 0.03 0.0941 7821.32D 4779 02

21

HC

0.04

co
1 89

Fuel i 0 

0 477g

Work. ono-Hr 

21 30

SQF

0 024

NQX

4.63

Carbon

0.40



Table 11-1

Hot-Start Emissions. g bno-Hr BSFC. LD-bnp-Hr

hC PM SOP

0.02 0.099A2 0.023

2t 24D 4778 C2 1.63 0.04 0.086 0.0254.48 0.39 0.40

D 4780 2i 28 0.05E2 4 95 0.091 0 025 0.40 0.42

D 4777 B2 21.33 1.77 5.03 0.04 0 0250.092 0.39 0.37

B2 21.27 l.7l 481 0.04 0.090 0.025 0.38D 4777 0.41

21.29 1.72 488 0.091 0.026 0.39D 4779 D2 0.03 0.37

21.31 1.73 4.90 0.091 0.025 0.39D4781 A2 0.03 0.40

21.23 1.66 4.92 0.088 0.024 0.38A2 0.03 0.41D4781

1.65 0.084 0.022 0.40 0.40C2 21.25 4.75 0.030 4778

0.0941.80 0.022 0.39 0.41D4780 E2 21.32 5.04 0.03

0.090£2 21.20 1.69 0.027 0.38 0.400 4780 5.01 0.04

0.085 0.023 0.39 0.39D 4779 D2 21 28 1.65 4.94 0.03

0.08682 21.30 1.71 0.04 0.023 038 0.400 4777 4.83

0.086 0.025 0.38B2 21.22 0.420 4777 1.67 4.72 0.03

0.0260.091 0 40 0.40D4781 A2 21.27 1.74 4.86 0.03

0.380.087 0.022 0.38C2 21.32 1.77 0.040 4778 4.88

0.087 0.022 0.38 0.411.660 4778 C2 21.24 4.69 0.01

0.025 0.380.092 0.4021.28 1.77 488 0.02D 4781 A2

0.092 0.023 0.38 0.4021.33 1.83 481 0.020 4779 02

0.380.088 0.021 0.411.69 4.86 0.03D 4779 02 2123

0.370087 0.021 0.401.67 5.16 0.03E2 21.31D 4780

0.086 0.018 0.38 0.361.70 4.81 0.020 4778 C2 21 33

0027 0.370.081 0.41C2 21 26 1.52 4.79 0.040 4778

0.025 0.400.084 0.4021 25 1.6102 4.87 0.010 4779

0.400.088 0.024 0.3821.29 1.71 4.98 0.030 4777 82

0.022 0.38 0.400.0941.65 0.04D 4777 B2 21.30 4.91

0.017 0.400.089 0.411.73 0.030 4781 A2 21.36 5.04

0.019 0.40 0.400.0921 79 5.05 0030 4780 E2 21 36

0.023 0.41 0.380.091E2 21.23 1.66 4.96 0.030 4780

0.400.022 0.380.08621.25 484 0.020 4779 02 1.64

0.018 0.400.0924 90 0.020 4781 A2 21 34 1.81

CO

1 94

CRTC * Phase J 
(continued)

NOX

5.W

Worn. Ofip-Hf

21 36

Fuel i 0 

0 4781

Carbon

0.40

Gravimetric

0 40

0.40



Table 11*2

CRTC • Phase K (Reference)

9SFC 10 Oro-"''’Mot-Start Emissions gonp-Hf

SOFPM Gravimetnc

0 370 104 0.G24D 4795

0.390.02 0 090 0.404 73 0.022D 4779 C2 21 27 1 81

0.101 0.38 0 400.03 0.022492O 4780 E2 21 37 2.01

0 410.100 0 384.91 0.04 0.024D 4780 =2 21 31 1.93

0 41507 0 1090.03 0.025 0 39D 4795 A2 21.36 2.09

3.370.0894.88 0.02 0.021 0.38D 4778 C2 21.34 1.85

0.097 0 404.88 0.02 0 026 0 39D 4795 R2 1 3421.31

0.092 3 404 92 0.03 0.0261.76 0 39E2 21.32D 4780

0.400.02 0.0871.72 4.70 0.024 0.3821.35O 4778 C2

0.400.03 0.086 0.0251.64 4.66 0.39D 4778 C2 21.26

0.03 0.394.79 0.091 0.02821.92 1.73 0.38D 4780 E2

0.03 0.1045.09 0.027 0.410 4795 21.34 1.99 0.39R2

23

Fuel i 0. 

R2

HC

0.03

NOX

491

CO 

i 99

Wortc. pnp-Hr

21 31

Carbon

0.37



APPENDIX III

Table 111-1

SwRI-Fuel E2 (19/50)

Hpt-Start Emissions. q.bhp-Hr

NOt SOPsan Matte' COHC

:t 2i 9i

3 909 4 :80 0 :64 0.152 0.050 0 061 0 185 1 4990 193 i 515 0 393 0.383 2271 22.65 23 39

•• 2291 3 936 4 056 0 J 62 0.158 0.058 0.056 0.197 i 5360 190 i 358 0.390 0.390 22 64 22.43 23 99

0 163 0.153 0.052 ’ 5433.961 4 040 0.051 0.197 0.184 1 430 0.395 22 540 389 22 59 23 99

0.192 0.175it 2591 4015 4 116 0.158 0.’37 0.045 0.046 1 442 1 335 0 389 0.379 22.46 22.33 23 99

0.2033 982 4 163 0.152 0.139 0.050 0.041 0.196 1 502 1 345 0.392 0.379 22.59 22.55 23 99

0.157 0.149 0.046 0.047 0 199 0.170ii 26-91 3 871 4 190 1 532 1 387 0.39 0.39 227 22 6 23 99

3.974 4 101 0 166 0.145 0.046 0.048 0.172 0.170 1 486 1 391 0.39 " 2ZF 23 99

Mean 3 959 4 i26 0.’59 0.148 0.050 0.185 1 5050.051 0.192 1 408 0.391 0.384 22.586 22 544

SOEV 0.052 0.057 0.005 0.007 0 004 0.006 0.009 0.012 0.033 0.070 0.003 0.004 0 092 0.110

Cv% 1.37’ .32 3.20 4.61 8.46 12.48 4 63 6 72 2.18 495 0.84 1 09 041 0.49

E2is 4 22% Higher 6.92% Lower 2.0% Higher 3.65% Lower 6.44% Lower Than R

24

E2

0 '47

E2

1 S06

A

4 026

A

0 <53

E2

4 159

R 

1 498

E2

22.56

A

0 387

A

0 050

A

0 200

Actual Work, 

ono-Hr

E2 

0 382

E2

0.193

Aet Work 

onp.-r

23 99

E2

3 054

BSFC. 

L0 Ohp-Hr

___ A

22.60
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Table 111-2

SwRI-Fuel A2 (19/58)

i
Mpr-Staff Emissions ibnp-Hr

NO, 5OF°an Matte'' CO

=t A

•2 03 9' 22 23

0 045 0 0343 963 4 002 0 '54 0 '48 0 39"0 195 22 480 124 0 390 22 251 503 : 103 -24

•2 04 91 3 987 3 369 3 '50 0 '45 0 047 0 041 0 194 0 130 0 386 22 36: 460 0 393 22 3'i '63 22 33

4 004 4 045 0 '55 0.’44 0.044 0.038 0 387 22 450 187 0 121 : 576 0 390 22 34i 219 23 33

3 965 0 156 0 04712 05.91 3 868 0 163 0.033 1 5170 208 0 114 1 092 0 384 22 600 390 22 45 22 32

3 950 4071 0 163 0 161 0 051 0 050 ’ 5330 188 0.124 1 1 77 22 260 385 0 388 22 -8 22 23

12 06/91 3 981 4018 0.153 0.151 0.036 0 041 0.175 1 5020.124 1 097 0 387 0 375 22 34 22 2'

0 163 0.1733.922 3.963 0.165 0 043 0 044 0.118 1 516 1.178 0 394 0 39’ 22 39 22 45 22 62

1209/91 3 891 3.919 0.158 0.158 0.043 0.041 0.176 0 098 t 478 0.372 22 43 22 251 048 0 382 23 -3

3 984 3905 0.160 0.157 0.1730.045 0 031 0.103 22.491 502 1 169 0390 0 391 22 23 22 23

' 2'1O/91 3.977 3.985 0.151 0.152 0.036 0043 0.173 0.126 i 451 0 387 22.28 22 261 169 0 383 23 23

3 936 4031 0.158 0 162 0.058 0.047 0 182 0.107 i 431 1.176 0 380 0 379 22.74 22 17 22 33

12'11/91 3.931 4.062 0.156 0.047 0049 0 199 0 0760.160 1 503 1.077 0 384 0.371 22 34 22 46 23 33

0.0453.910 3.996 0.171 0 159 0.061 0.158 0.096 1 485 1.137 22.63 22 -40 394 0 394 23 33

0.157 0.052t2-iZ9l 3 993 4056 0.166 0.056 0.141 0.095 1 494 1.143 0 382 0 384 22.70 22 33 | 23 33

0.159 22 454010 4.028 0.161 0.045 0.049 0 163 0 089 1 543 1 146 0 382 0.388 22 30 23 33

0.160 0 036 0.032 0 170 0.112 1 485 1 ’52 0 386 0 387 22 45 22 40 23 331213-91 3.974 3.993 0.161

0.158 0 038 0 378 0 375 22 32 22 373 894 3.953 0.169 0.044 0.194 0 118 1 453 1.100 23 33

0.157 1 357 1.038 0 373 0 378 22.39 22 47 23 624 021 0.155 0.034 0.031 0.185 0 12712/16-91 3.980

0.155 0.027 0.179 1 395 1 061 0 369 0 376 22.56 22 47 r i - •3998 0.155 0031 0.1243983

0.3853 22 443 22 2593.9964 10.1591 [0.1552 0 0445 O.i?27 1 4815 1 ’273 0 384200399 0 *802Mean 13.9601

0 0075 0 1460 0 sw-:10 0350 10.0640 [0 0058 0 0056 0 0079 0.0075 00155 00151 0 0507 0 0498 00069SD6V

0 651 : 44J18 797 4 418 1 791 i 9521.351 3608 17.753 8 602 <3.404 3422CV% 0 884 3 646

Than A10 34% Lower 37 46% Lower 23 91% Lower2.45% LowerA2 >3 0 92*. Higner

29

____ A_

22 19

A 

•3 154

____R_

0 191
___ fi_

• 445

42

0 146

A

0 393

___A2_

0 127

___A_

3 ?96
42

1 ’CO

A

■3 041

42

4 044

42

•0 392

42

0 032

4..-;.j; '.Vc-,aspc 

LD.Dno-Hf



1

Table 111-3

SwRI • Fuel 02 (16/54)

Moi Start Emissions. gonp-Hr

NO. SOF CO°art Mane/ HC

0* 92

3 941 i -285 0 ’54 0 034 1 6272 -50 ■j 030 0 ”0 ’ 263 0 401 2’ 98 23 560 203 0 407 21 99

O’ 08 92 3 909 3 957 j ’50 < 586: ’59 : 048 0 130 1 250■3 026 ■0 165 0 400 23 56•3 393 22 '222.”

3 934 0 ’503 895 0.157 •3 069 0.131 ’ 5200 031 1 218 0 3950 ’80 3 393 23 5622.34 22 '8

2’ 09 92 3 847 3 995 0 156 0 ’42 0 109 ’ 5760 036 0 036 0.193 1 ’90 0 391 0 392 23 5622 ’8 22 29

3 950 4 098 0 ’53 0 146 0 034 0 173 O.”9 ' 5350.028 ’. 189 0.393 0.394 22.04 23 5622 *4

0 151Oi ’092 3 981 4 018 0 153 0.036 0.041 0.175 0.124 1 502 1 097 0 387 0 376 22.34 22 21 23 56

0.165 0 163 0.173 0 1183.922 3 963 0 043 0 044 1 516 1 178 0 394 0 391 22.39 22 45 23 56

I 23 560.163 0 150 0.047 0.’7601 ’3,92 3 399 3.9’0 0.043 0.145 1.557 1 247 0.392 0.384 21.87 22.03

3.917 3 854 0.174 0.159 0.060 0.031 0.’91 0.141 1.578 1 2’3 0 389 0 388 22.20 22 09 23 56

01-14-92 3 962 0.’68 0.154 0.038 0.034 0219 0.1403 961 1 522 t 218 0 388 0 389 22.’5 22.02 23 56

4 031 3.954 0’64 0.15’ 0.035 0.045 0.182 0.135 1.532 1 247 0 392 0 385 22.17 22 05 23.56

0.162 0.19701/15/92 3.928 4 030 0.146 0.051 0.043 0.136 1.542 1 2<9 0.396 0.387 22.14 22 29 23 56

3.912 3.992 0.154 0.143 0.027 0.173 0.1390.031 1.488 1 246 0391 0 389 22.24 22.38 23 56

4 021 0.148 0.139 0.047 0.167 0.178 t 5000V16/92 3 905 0.044 1 248 0 392 0.388 22.15 2’ 92 23 56

3.760 3 844 0.160 0.141 0.038 0.187 0.167 1 5360.044 1 300 0 384 0.389 22.18 22.09 23 56

01 1792 3 835 3 878 0.156 0.145 0 050 0.048 0 194 0.143 1 615 1 266 0 392 0 384 22 32 22J3 23 56

3 894 3 904 0.158 0.148 0.053 0.053 0.163 0.138 1 628 1 321 0.385 0394 22 20 23 5622 <6

0.054 0.183 0.1173’ 20-92 3.898 3899 0.152 0.153 0.048 1 484 1.159 0.388 0.368 22.14 22.14 23 56

0.152 0.152 0.055 0.176 1 504 1 208 0.3893 848 4.046 0.042 0.116 0 413 22.28 22 01 23 56

13.9008 13 9710 0 1 587 0 ’ 477 |0.0458 0.1827 0 1345 1 5385 1 2272 0.3925 0.3910 22.173 22 12’Mean 0.0418

|0 0597 Q 0823 0 0073 lO-OOM [0.0101 0.0597SDEV 0.0106 0.0145 0 0169 0 0536 0.0047 0.0090 0 1210 0,”20

Cv % 2 073 122.052 25 359 7 937 12 565 3860 4 368 ’ 197 2 302 0 546 0 506' 530 4 600

Than R02 >5 ’ a°o Higher 6.93% Lower 8 73% Higher 26.38% Lower 23 23% Lower

26

02

0 152

02

0 ’26

02

< 298

___ R_

’ 60’

a

0 175

02

0 397

___ H

0 180

___ 02

22 08

___

0 396

02

0 060

A

0 056

Actual Worn. 
Ohp.Hr

Qhp.i-'f

23 56

a 

2 857

8SFC 

L3 pnp-Hr

02

3 924

____A

22.39

[1927



Table 111-4

SwRI - Fuel F2 (19/59/200)

xot Star E^'SSiQr.S sorp-xr

NO* SOP xC copan Man#'

07 -5 92

*055 0 !68 0 '02 : *85* 06’ 0 027 ’ 163 ■0 3970 ’"2 0 03’ 0*00 22 370 -’0 22 53 ’3 '5

O' ’5 92 3 961 * 00’ 0 030 0.173 0 10* 1 5150 039 t :*8 0 396 0 3860 -6* 0 165 22 39 22 58 23 '?

* 008 * -03 0 029 0 X 510 165 0 >09 1 523 0.397 0 3910 161 0 0*1 i ’*3 22 30 22 50 23 7,

07 1792 3 890 * 055 0 0280 165 0 041 0.164 0 090 i 136 0 3920 '46 ’ *91 0 383 22 34 22 56 23 "6

* 006 3 968 0 027' 0.1850 172 O 161 0.04’ 0 100 i 150i *6’ 0 394 0 393 22 33 22 '0 23 '5

3 97707 20-92 4 093 0 0*9 0 042 0 1690.170 0. ’ 75 0 134 i *87 1 iOO 0 392 0 393 22.33 22 *’ 23 i

3 90S 4 050 0 177 0 036 3 1480.160 0 042 0.098 ’ 154 0 396 0 396 22 *4 22 *3 22

07.-21.92 3 989 3 932 0 167 0 048 0 038 0.168 0.103 1 543 i 1330.158 0 395 0 392 22*422 *1 23 "S

4 0573.961 O 169 0 039 0 144 0 1020.170 0 041 1 448 1 184 22*30 396 0 393 22 6t 23 '6

07,22'92 4 030 4014 0.174 0 153 0.100 1 5220.162 0 041 0.033 0 394till 0.395 22 *9 22 S3 23 *6

3888 4 027 0.1650 162 0.155 0.037 0 031 0.142 i *97 1 125 0 395 0 390 22 53 23 '622 *4

07-23/92 3813 3 934 0.148 0.107 i 4920.157 0.157 0039 0.030 1 094 0 388 23 760.386 22.42 22.60

3869 4 052 0.033 0.151 0.H3 1 4100.164 0.146 0.033 1 148 0.383 22 55 22 50 23 '60 392

07/24/92 3 966 3.985 0.167 0.058 O.t63 0.107 1 4770.162 0 042 1 114 0 388 22 390 397 22.58 23 '6

3.933 4 053 0032 0.127 0 073 1 429 1 10*0.154 0.156 0.032 0.392 22*70 391 22.48 23 '6

4 039 1.51507'27-92 3 931 0.160 0.059 0 172 O.’Ol i 125 0.390 23 *60.167 0 040 0.398 22 53 22.46

3.9703 951 0.tS6 0 031 0.’40 0 069 1.479 1 125 0 3990 164 0 036 0 393 22.52 22 50 23 76

3 895 0.095 1 487 1.19307 28/92 3 834 0 167 0.031 0 162 0 389 23 760 165 0.041 0 395 22 42 22 28

1 4273 913 397 0.16 0.037 0 13 0.104 0 389 23 760.16 0.04 1.114 0 396 22 49 22 31

3.973 0 114 1 508 1 128 0 400 23 *607-29/92 401 0.18 018 004 0032 0.13 0 399 22 39 22.41

0.105 1 457 1.126399 0.17 0 046 0.13 0 388 22 71 22 43 23 '63864 0.18 004 0 391

3.974 3.93 0.038 0.14 0 094 1 499 1.111 0.394 0 395 22 36 22 48 23 '607-30/92 0.18 0.18 004

0.035 0 >4 0 101 1 483 1 106 0 386 22 41 22 383962 408 017 0.18 0.04 0 391

i 538 1 105 23 '5392 0.17 005 005 0.16 0 096 0 393 0 392 22 50 22 S308-0492 3943 0.17

0 105 ’ 443 1 083 0 385 22 55 22 *8 23 '54086 396 0.17 0.05 0 026 0 1* 0 3880.17

22 455 22 477^9470 14 0061 0 1675 To 1645 0 0400 0 0358 0 152’ 01037 1 4813 I 1297 0 3920 0 3931M««n

|00629 10 0571 10 0070 10 0093 0 0047 0 0088 |00i4i 0 0131 [0 0351 0 0261 0 0047 0 08900.0036 0 0960soev

4 179 5647 11 750 24576 9272 <2629 2 370 2310 1 199 0 396’ 425 09<6 0.436CV% 1 594

10 5% Low#' 23 74% Lower Than Ai 5% Mign#r 31 82*. LOw#rF2s

___ 22.

22 53

A

3969

a 

Z 038
A 

22 *6

=2

: 33i

a

0 ’70
=2

2 ' 73 ' '■58

p2 

*015

A 

•3 393

p2

0 396

q<»' .Vc--

23 -5

a 

■3 152

A 

• *57

C5

0 109

Actual Woo
oro-x'

SSFC 

LO Orp-Hr

t *40 
______

23 *6 

_______

i a**, low#/



t
1 Table 111*5

SwRI-Fuel G2 (15/55/200)

Mpt'Slart Emissions, q bnp-Hr

SOF HCPart Manet CONO,

•2 02 92

4 07’ 0.138 0 0423 :63 0 038 0.131 0.1324 039 1 486 1 257 0 377 22.560 373 22.72 23 59

3 946 0.0500 162 3 -471203 92 4 072 0.043 0.144 0.121 1.495 1 243 0 389 3 368 22.41 23 5922.36

4 006 0.171 0 148 0.038 0.0333 949 0.130 0.111 0 3851 486 1 208 22 380 375 22.57 23 59

4 035 0.’6i 0 144 0.039 0.031 0.109 0.090120492 3 933 1.500 1 257 0 359 0.360 22 30 23 5922.67

0.159 0.0454 010 0.146 0.042 0.143 0.101 0.3593 947 1 421 i 228 0 374 22.45 23 5922.65

0.177 0.142 0.044 0.038 0.1264 160 0 ’033.992 0.36412 07 92 1 444 1.215 0.367 23 5922.36 22.44

0 154 0.043 0.041 0.1364 001 0.141 0.1143 934 1 458 0.3601.196 0.363 22.73 23 59

0.153 0.0474.113 0.136 0.044 0.0961208-92 3 951 0.123 1 449 0.342 0.3671.156 22.62 22 49 23 59

4 036 0.157 0.056 0.0460.141 0.128 0.084 1 4754010 0.3451 191 0.350 22.60 22.64 23 59

4 J30 0.156 0.135 0.0451209'92 0.039 0.090 0.1063 939 1.454 0.3701 228 0.374 22.63 22.31 23 59

4222 0.168 0.137 0.035 0.029 0.1214.051 0.104 1.559 0.3731.345 0.385 22.76 22 21 23.59

0.0450.156 0.133 004312'10/92 4 175 4 144 0.096 0.088 1.428 1.171 0.358 0.365 22.3522.49 23 59

0.145 0.066 0.0354.114 0.160 0.136 0.0764.061 1.412 1 140 0.377 0.374 22.2322.41 23 59

4.105 0.157 0.137 0043 0.052 0.106 0.080 1 460 0 3471211 92 4 152 1 265 0.356 22.46 22.43 23 59

4 088 0.038 0.0420.154 0.142 0.133 0.085 1 5274 062 1 290 0.362 0.362 22.4522.62 23 59

0.0514 109 0.154 0.039 0.114 0.0870.148 1.447 0.377 0.343 22.35’2'14.92 4 096 1 219 22.59 23.59

4.110 0.160 0.147 0.040 0.034 0.140 0.096 0.3571 488 1.199 0 363 22.53 22.35 23 594 100

4 160 0.171 0.151 0.049 0.030 0.117 0.096 0.357 22.391 562 1 357 0351 22.67 23 592 15.92 4.053

0.03S4 15 0.17 0.15 0.04 0.11 0.094 1 639 1 375 0.355 0357 22.57 22.37 23 594 093

|4 0360 4 Q880 0.1608 10.1423 0.0453 0.0389 0.1229 0.1002 03647 0.3653 22.578 22.4091 4808 i 2378Mean

10 0754 0 0677 0 0066 0.0052 0.0071 0.0059 0.0175 0.0133 0.0105 0 1160 0 10800.0153 0 0561 00638SOEV

3.647 04821 656 15673 15.167 14239 15269 3.789 2.875 0.514CV % 4 106 3 654 5 1541 868

18.5% tower Than R11 5% Lower 14 i % Lower 16 4% LowerG2 is i 3% Higher

28

___ A

0.152

G2

22 S3

___ R

22.55

___ P_

' 425

G2

1 216

G2

4 346

___ R_

0 157

___q

4 111

G2

0 140

R

0 049

G2

0 044

G2

0.113

q

0 380

G2

0 378

Actual Wotx. 
artO'Hf

Ret Work 

anp->-tr

23 59

22 53 

_______

BSFC. 

Ld onp-Hr


