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American  Petroleum  Institute 
Environmental,  Health,  and  Safety  Mission 

and  Guiding  Principles 

MISSION The members of the American Petroleum Institute are dedicated to continuous efforts 
to improve the compatibility of our operations with the environment while 
economically developing energy  resources and supplying high quality products und 
services to consumers. We recognize our responsibility to work with the public,  the 
government,  and  others to develop and to use natural  resources in  an 
environmentally sound manner while protecting the health and safety of our 
employees and the public. To meet these responsibilities, API members pledge  to 
manage our businesses according to the following principles using sound science to 
prioritize risks and to implement cost-effective management practices: 

PRINCIPLES o To recognize and to respond  to  community concerns about our raw materials, 
products and  operations. 

o To operate our plants  and facilities, and  to handle our raw materials and products 
in a manner that  protects  the environment, and  the safety and health of our 
employees and the public. 

0 To make  safety,  health and environmental considerations a priority in our 
planning, and  our  development of new products and  processes. 

o To advise promptly, appropriate officials, employees, customers and the public of 
information on significant industry-related safety, health and environmental 
hazards, and to recommend  protective measures. 

o To counsel customers, transporters and others in the safe use, transportation and 
disposal of our raw materials, products and  waste materials. 

o To economically develop and produce natural resources and to conserve those 
resources by using  energy  efficiently. 

o To extend knowledge by conducting or supporting research on  the safety, health 
and  environmental effects of our  raw materials, products, processes and  waste 
materials. 

o To commit to reduce overall emission and  waste generation. 

o To work  with others to resolve problems created by handling and disposal of 
hazardous substances from our operations. 

0 To participate with government and others in creating responsible laws, 
regulations and standards  to  safeguard the community, workplace and 
environment. 

o To promote these principles and practices by sharing experiences and offering 
assistance to others who produce, handle, use, transport or dispose of similar raw 
materials, petroleum  products  and  wastes. 
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FOREWORD 

API  PUBLICATIONS  NECESSARILY  ADDRESS  PROBLEMS OF A GENERAL 
NATURE.  WITH  RESPECT  TO  PARTICULAR  CIRCUMSTANCES,  LOCAL,  STATE, 
AND  FEDERAL  LAWS  AND  REGULATIONS  SHOULD  BE  REVIEWED. 

API  IS  NOT  UNDERTAKING TO MEET THE DUTIES OF EMPLOYERS,  MANUFAC- 
TURERS,  OR  SUPPLIERS TO WARN  AND  PROPERLY  TRAIN AND EQUIP  THEIR 
EMPLOYEES,  AND  OTHERS  EXPOSED,  CONCERNING  HEALTH  AND  SAFETY 
RISKS AND PRECAUTIONS,  NOR  UNDERTAKING  THEIR  OBLIGATIONS  UNDER 
LOCAL,  STATE,  OR  FEDERAL  LAWS. 

NOTHING  CONTAINED  IN  ANY  API  PUBLICATION  IS  TO  BE  CONSTRUED  AS 
GRANTING ANY RIGHT, BY IMPLICATION  OR  OTHERWISE,  FOR  THE  MANU- 
FACTURE,  SALE,  OR  USE OF ANY  METHOD,  APPARATUS,  OR  PRODUCT  COV- 
ERED BY LETTERS  PATENT.  NEITHER  SHOULD  ANYTHING  CONTAINED  IN 

ITY FOR  INFRINGEMENT  OF LElTERS PATENT. 
THE  PUBLICATION  BE  CONSTRUED  AS  INSURING ANYONE AGAINST  LIABIL- 

All rights  resewed. No part of this work may be reproduced, stored in a retrieval system, or transmitted by m y  
means, electronic, mechanical, photocopying, recording, or otherwise, without prior wrirren permission  from the 

publisher: Contact the publisher; API Publishing Services, 1220 L Street, N.W. Woshington. D.C. 2000s. 

Copyright Q 1997 Amcrican Petroleum Institute 
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EXECUTIVE SUMMARY 

A test  program  was  conducted to measure the effect  of  changing  fuel sulfur content on the 

exhaust emissions of a 1993  Honda  Civic VX certified  to  meet California Transitional Low 

Emission  Vehicle  (TLEV)  standards.  The  type of exhaust  aftertreatment device on this vehicle 

had  been  tested in prior programs  sponsored by the  Coordinating  Research  Council (CRC)( 1)’ 

and  the  Petroleum  Environmental  Research Forum (PERF)(2).  The  CRC  study  had  generated 

debate as to  how  well  the results represented  “real  world” conditions. The  present test program 

provided  an opportunity to address this question and  related issues from  the previous studies. 

Exhaust emissions and  catalyst  oxygen  storage  (OSC)  measurements  were  obtained on four 

catalysts designed for a 1993  Honda Civic VX TLEV.  The  measurements  were  made using two 

test fuels. One  was a California emissions certification test fuel with a sulfur content of 35 ppm. 

This fuel was  doped with additional sulfur to create a gasoline  with a sulfur content of 600 ppm. 

The four catalysts included: (a) the original  catalyst  on  the  vehicle  when  purchased  new; (b) two 

stock replacement catalysts which  had  been  artificially  aged to 100,000  miles  on gasolines with 

40 ppm sulfur and  1000  ppm sulfur, respectively;  and (c) a “field-aged”  catalyst obtained from 

an  “in-use”  1993  Honda Civic VX  TLEV with  approximately  100,000  odometer miles. 

The results of this test  program  show  the  following: 

The effects of sulfur on exhaust emissions of a 1993  Honda Civic certified to California 
TLEV standards were similar to those seen in other  vehicle test programs such as those 
conducted by PERF  and  the  Auto/Oil AQIRP. (1) (3) Emissions were  lower on the 35 ppm 
sulfur fuel than on the gasoline with 600 ppm  sulfùr. The differences in emissions between 
fuels were statistically significant for the group  of  four test catalysts as a whole,  but 
differences between fuels in individual catalysts were often not significant. Averaging over 
all catalysts, lowering fuel  sulfur content  from 600 to 35  ppm  reduced  FTP emissions by  21 
to 27% depending  on  the  pollutant. 

Exhaust emissions were  lowest  for  the  original  catalyst  and  highest  for the field-aged, 
100,000 mile  in-use  catalyst (Mg). The differences in emissions between the original catalyst 
and M9 were statistically significant for all pollutants over  the  FTP. 

I Numbers in ( ) denote  references  listed at the  end of the  report. 

ES- 1 
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Fuel sulfur content did  not  have  an  effect  on the long-term emissions performance of 
catalysts which  had  been artificially aged  using  the  RAT-A  cycle.  Catalysts M7 and M8 were 
aged for 1 O0 hours on a dynamometer  using  the  RAT-A  cycle  for 1 O0 hours on 40 and 1 O00 
ppm sulfur fuels, respectively.  There  was  no  difference in overall emissions or sulfur effects 
between these two catalysts. 

Rapid catalyst aging  did not have a large effect on sulfur response  compared to in-use aging. 
All catalysts responded directionally the same to sulfur and there was no difference in the 
magnitude of the sulfur effect  among  the four catalysts. 

An identical catalyst from a Honda TLEV was tested in the CRC  Sulfur/OBD-II  laboratory 
reactor program. A comparison  of  the data generated  from  the two programs suggests that 
laboratory results may (a) overstate sulfur effects as measured  from a vehicle and (b) 
represent hot vehicle performance  better  than  cold operation. Reducing  fuel sulfur content 
from 600 to 40 ppm in the  CRC  laboratory  reactor  program  lowered  the  Honda TLEV HC 
and NO, emissions by 57% or  more  than  twice  the  percentage  effect  seen  over the FTP in the 
present study.  However,  the sulfur effects on HC that  were  observed during the  warmed-up 
phases of the FTP  (Bags 2 and 3) of the  present  study  were similar to those measured in the 
CRC lab reactor  program  under  steady-state,  warmed-up conditions. 

Gasoline sulfur content did not have a significant effect on  catalyst  oxygen  storage capacity. 
Differences in OSC  between  the  original  and  the  aged catalysts were  much  larger  than  any 
differences attributable to fuel sulfur content.  OSC  was  roughly twice as high in the original 
catalyst compared to the three aged  catalysts,  all of which  had similar OSC. 

ES-2 
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Section 1 

INTRODUCTION 

Over the  past several years, interest in evaluating the effect of fuel sulfur content on motor 

vehicle emissions has prompted the initiation of a number  of test programs which have focused 

on advanced technology  vehicles. 

In 1993, for example, the Petroleum Environmental Research Forum  (PERF) sponsored a study 

to evaluate the effect of  fuel sulfur content on exhaust emissions from low-mileage production 

vehicles designed to meet California’s Transitional Low Emission Vehicle (TLEV) standards. (1) 

One of the  TLEVs  tested as part of that  program  was a 1993  Honda Civic VX. 

An identical catalyst from a 1993 Honda Civic VX TLEV  model also was  tested as part  of a 

recent study sponsored by the Coordinating Research Council (CRC). (2) The CRC project was 

designed to  measure  the effect of fuel sulfur level  on  the conversion efficiencies and oxygen 

storage capacities of various  rapidly aged automobile emissions control catalysts. The 

measurements in that  program were performed  using a steady-state  bench reactor because three 

of the four catalyst formulations that were tested were prototypes for which  no suitable vehicle 

platforms were available at  the  time for FTP emissions tests. Equivalent fuel sulfur levels were 

obtained in the  CRC  program by varying the content of the SO, feedgas to the  bench  reactor. 

However, this raised  the question as to whether the results of steady-state emissions tests 

performed in a laboratory  bench reactor were truly representative of those which  would occur 

under  in-use transient conditions as measured by the Federal Test Procedure. 

Since identical catalysts were  used  in the CRC  and  PERF studies, the 1993 Honda Civic VX 

TLEV  model provided an opportunity for a further program to compare sulfur effects in “real 

world” conditions on a vehicle which  had accumulated a history of emissions testing  to those 

observed in a steady-state bench reactor. It aiso provided a means to determine if the catalyst 

aging procedures in  the  CRC program impacted the sulfur responses differently from vehicle 

aging of catalysts. This program  was performed under contract to the American Petroleum 

Institute (API) by  Chevron Research and Technology Co. 

1-1 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

--`,,-`-`,,`,,`,`,,`---



Section 2 

TEST VEHICLES,  CATALYSTS  AND  FUELS 

TEST VEHICLES 

Two vehicles  were  used  in this test  program  and  are  described  in Table 2-1. The first vehicle 

was  a  1993  Honda Civic VX that  was  certified as a  California  Transitional  Low Emissions 

Vehicle  (TLEV). It is the same  vehicle  that  was  used in Petroleum  Environmental  Research 

Forum (PERF) Project  93-12. (1) At the time of the PERF  testing, the odometer on this vehicle 

showed  between 4,000 and 5,000 miles. In the current  program,  accumulated mileage on the 

1993  Honda Civic VX  was  between 10,000 and 1 1,000  miles. 

The 1993  Honda Civic VX was  instrumented to permit  exhaust  samples to .be  drawn  upstream of 

the catalyst and  to  measure  temperature and oxygen  content of exhaust before  and after the 

catalyst. Since the vehicle was not  equipped  for  California  on-board  diagnostics  (OBD  II), this 

included installation of a  second exhaust gas  oxygen  sensor. 

Table 2-1:  Description of Test Vehicles 

Model Year 

LEV  (OBD  II) TLEV California Emissions Standard Certification 
Honda Civic LX  Honda  Civic  VX Model 
1996 1993 

The second vehicle was  a  1996  Honda Civic LX  loaned to the project by Honda R&D  Americas, 

Inc. (HM).  This vehicle was an OBD  II  certified  California  Low Emissions Vehicle (LEV) and 

was  used as a platform  for obtaining catalyst  oxygen  storage  measurements. The same catalysts 

tested on the 1993  model also were  tested  in this vehicle.  HRA  modified the exhaust manifold 

and catalyst plumbing on the 1996  test  vehicle  to  enable  use  of  a  tool for diagnosing catalyst 

oxygen  storage  and  release  times. 

2- 1 
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TEST CATALYSTS 

Four catalysts designed  for  use  on a production  1993  Honda  Civic VX model  were tested in this 

program. (See Table 2-2.) The  “original”  catalyst  was  the  stock  catalyst  originally installed on 

the 1993 vehicle and  used in the prior  PERF  study.  It  was  included in the current program 

primarily to provide a connection to the PERF  study  and to determine  whether  normal aging had 

influenced its tolerance for sulfur. Two  new catalysts were  provided by HRA. These  were stock 

replacements for the  original  catalyst.  They  were  aged by Southwest  Research Institute using the 

RAT-A cycle for 100  hours.  One  catalyst  was  aged  using California Phase 2 Certification 

gasoline. The other was  aged  using  the  same  gasoline  with sulfur level  raised to 1000 ppm. (See 

Appendix A for a description of the aging  procedure  used by SwRI.) HRA also provided a 

catalyst which  they  had  obtained from a customer. This catalyst  had  been taken from a 1993 

Honda Civic VX which  had  accumulated  107,000  odometer  miles in customer service. 

Table 2-2: Test Catalysts 

Catalyst Code 
ORIG 

Catalyst Description 

lOOk catalyst  aged in field  in  customer  use M9 
Replacement  catalyst  aged  100 hrs on  1000  ppm S on RAT-A cycle M8 
Replacement  catalyst  aged 1 O0 hrs on 40 ppm S on RAT-A  cycle  M7 
OEM  Catalyst  used in PERF  study 

TEST FUELS 

Two  test  fuels were  used in this program.  The  base he1 was a California Phase 2 Certification 

gasoline containing about 35  ppm sulfur. The  second test fuel was  made by spiking the  base  fuel 

with di-tert-butyl disulfide (DTBS) to achieve a level of about 600 pprn sulfur. Inspection results 

are listed in Table 2-3. 

2-2 
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Table 2-3: Test Fuel  Analyses 

Fuel  Property 

Sulfur, ppm 
API Gravity 
Aromatic,  Vol. % (uncorrected  FIA) 
Olefin, Vol. % (uncorrected  FIA) 
Paraffin, Vol. % (uncorrected  FIA) 
Hydrogen, Mass Fraction (NMR) 
D86 TIO, O Fahrenheit 
D86 T50, O Fahrenheit 
D86 T90, O Fahrenheit 
MTBE, Vol. % 

t FR12652 
35 
60.1 
25.8 
5.4 
68.8 
.1365 
139 
205 
294 
10.8 

FR24491 
600 
not  measured 
not  measured 
not  measured 
not measured 
not  measured 
not  measured 
not  measured 
not  measured 
not  measured 

2-3 
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Section 3 

TEST DESIGN AND PROCEDURES 

MEASUREMENTS  ON  THE 1993 HONDA  CIVIC  VX  (TLEV) 

The 1993  Honda Civic VX was driven on a chassis dynamometer according to the  Urban 

Dynamometer  Driving Schedule (UDDS) of the Federal Test Procedure for vehicle certification 

as specified in 40 CFR Q 86. Emissions were collected and  analyzed  using a Constant Volume 

Sampler (CVS) system and other standard emissions testing equipment. The test procedure 

included most elements of the FTP, with the following exceptions of note: 

1. There were no measurements of evaporative emissions. 

2. There were no diurnal heat builds prior to testing. 

3. An extended preconditioning procedure was  used to minimize fuel carryover effects. 

4. “Engine out” emissions were measured  on a second-by-second basis while diluted 
tailpipe emissions were collected simultaneously. 

A detailed test protocol is provided in Appendix B. 

Engine-out and  tailpipe emissions of total hydrocarbons (HC), carbon monoxide (CO), oxides of 

nitrogen (NOx), and carbon dioxide (CO,) were reported for each of the three phases (bags) of the 

FTP. Tailpipe measurements of methane (CH,) and  non-methane hydrocarbons (NMHC) also 

were reported for each FTP phase.  Mass-mean catalyst efficiencies for HC, CO, and NO, were 

computed from the data for each completed test phase.  In addition, fuel economy for each test 

phase was computed from the exhaust emissions measurements and other test data and was 

reported. 

The temperature of the exhaust gas entering and exiting the catalytic converter was  measured and 

recorded at a rate of approximately 10 Hz during the course of each emissions test. The 1993 

Honda Civic VX  was modified through the addition of thermocouples or other devices for the 

purpose of making these temperature measurements. 

3- 1 
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In the standard OEM configuration, the  1993  Honda Civic VX incorporates an exhaust gas 

.oxygen sensor (EGO) upstream of the catalyst. For this program, the vehicle was  modified to 

include a second EGO sensor located downstream of the catalyst. Following each FTP emissions 

test, the voltage signal outputs of both this sensor and  the  original equipment EGO sensor were 

recorded  at a frequency  of 10 Hz for a period of at least 3  minutes  with  the  vehicle  on  the 

dynamometer and operating at a steady-state cruise speed of 35  mph. 

Each catalystlfuel combination was  tested  twice. The testing order was balanced to minimize  the 

potential for bias in the results. The order of fuekatalyst pairings for tests conducted on  the 

1993  Honda Civic VX is shown  in Table 3-1. 

Table 3-1: Test Sequence for 1993 Honda Civic VX 

FR24491 
FR24491 

ORIG FR 12652 

3-2 
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MEASUREMENTS ON THE 1996 HONDA CIVIC LX (LEV) 

Measurements of oxygen storage capacity (OSC) were  performed for each catalystlfuel 

combination while each catalyst was  installed  in turn in the 1996 Honda  Civic supplied by HRA. 

This test  vehicle was instrumented by  HRA to allow  the OSC information  generated by the 

vehicle’s  on-board diagnostic catalyst monitoring function to be examined  and  recorded 

according  to instructions supplied by  HRA. (See Appendix C.) The  preconditioning  protocol 

was  the  same  as  that  used for the emissions tests described above except  that  the overnight soak 

was  deleted  and no emissions data were collected during the FTP driving cycle. 

Following  vehicle refueling and preconditioning, triplicate OSC measurements  were conducted 

for each catalyst/fuel combination. The order of testing of each catalystlfuel combination was 

balanced and randomized to minimize  the  potential  for  bias in the  results.  The order of 

fuekatalyst pairings  for  tests conducted on  the  1996  Honda Civic LX is  shown in Table 3-2. 

Table 3-2: Test Sequence for 1996 Honda Civic LX 
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Section 4 

TEST RESULTS 

Table 4-1 lists FTP  test  results  from the 1993 Civic.  “Sequence” is the order in which the tests 

were  performed.  “Test ID” is a  unique test identifier.  “Catalyst”  and  “Fuel  ID” codes are as 

described  previously in Tables 2-2 and 2-3, respectively. 

The  bag  measurements  from the first test  with the original  catalyst  and 600 ppm S fuel (Test ID 

H970303  1) appear to be  faulty. This test was  reviewed by the  laboratory and no operational or 

recording problems  were  found.  However,  a  replicate  test  was  performed  with this catalyst and 

fuel combination (Test ID H9704049). Bag  measurements  from the replicate  test appear 

consistent with the rest of the experiment  and the modal  measurements from the two tests are 

very similar. 

Table 4-2 lists the modal  mass emissions from the same  tests  discussed  above.  These are “bag 

equivalent” numbers  from the tailpipe and  engine  out  modal  emissions  measurements.  They 

include tailpipe equivalents,  engine  out  bag  equivalents,  and  mass-mean  catalyst efficiencies. 

Figure 4- 1 presents an example of the measurements of temperature  before  and after the catalyst 

during the first 200 seconds of the first emissions test. An example  of the oxygen sensor voltage 

measurements  before  and after the catalyst  during the 3 minute  cruise at 35 mph following the 

FTP is shown in Figure 4-2. All of the temperature traces throughout  each emissions test and the 

oxygen sensor traces for each  cruise following each  emissions test are  contained in Microsoft@ 

Excel spreadsheets and are available from API’ upon  request. These data have been reviewed 

and appear generally  consistent  with  anticipated results and  from  test to test. The only aberration 

is  the after- catalyst  temperature  on  the test with  TestID H9703034. This starts the beginning of 

the test at about 200” centigrade rather than at the  ambient  temperature  after the soak. This test 

was reviewed and no operational or technical faults were  found which might  have explained this 

abnormality. 

I Available from Information Specialist, HESD, APL 
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Table 4-3 displays the  oxygen storage capacity measurements for each catalysthe1 combination 

tested on  the 1996 Honda. The table lists the average time  in seconds for the vehicle to go 

through an  oxygen storage and release cycle. This average  was  taken  over  ten  closely controlled 

cycles. The higher the  number of seconds, the greater the  oxygen storage capacity of the 

catalyst. HRA reviewed these data and  found  them to be generally  reasonable. The third 

measurement with catalyst M8 and fuel FR24491 appeared to  be anomalous. However,  the 

laboratory reported  that this measurement  was accurately recorded. 

4-2 
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Table 4-3: 1996 Honda Civic LX Oxygen  Storage  Measurements 

Sequence 
1 
1 
1 
2 
2 
2 
3 
3 
3 
4 
4 
4 
5 
5 
5 
6 
6 
6 
7 
7 
7 
8 
8 
8 

Catalyst 
M9 
M9 
M9 
orig 
orig 
orig 
M8 
M8 
M8 
M7 
M7 
M7 
M9 
M9 
M9 
M7 
M7 
M7 
M8 
M8 
M8 
orig 
orig 
orig 

Fuel ID 
2449 1 
2449 I 
2449 1 
12652 
12652 
12652 
12652 
12652 
12652 
2449 1 
2449 1 
2449 1 
12652 
12652 
12652 
12652 
12652 
12652 
2449 1 
2449 1 
2449 1 
2449 1 
2449 1 
2449 1 

Seconds 
1.99 
1.92 
2 .O4 
4.52 
4.63 
4.52 
2.19 
2.03 
2.10 
2.16 
2.08 
2.07 
1.96 
1.97 
2.0 1 
2.46 
2.48 
2.1 1 
2.49 
2.54 
0.04 
4.61 
4.65 
4.5 1 
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"T 

Figure 4-1 : Cold Start Temperatures 
Test ID H9703031 

(Original Catalyst, Low  Sulfur Fuel) 

1 

Before Catalyst 

O 25 50 75 100 125  150 175 m O 25 50 75 100 125  150 175 m 
Seconds 

Figure 4-2: Exhaust  Gas  Oxygen  Sensor  Voltages 
Test ID H9703031 

T (Original Catalyst, Low Sulfur Fuel) 

4-7 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

-
-
`
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



Section 5 

DATA  ANALYSIS AND DISCUSSION 

The emissions data presented in  Section 4 were analyzed using a regression  model,  which 

included fuel, catalyst  and fuekatalyst interaction effects. Emissions data from  the first test 

(H970303 1) were  not included in  the statistical analysis due to the  problems discussed earlier in 

Section 4. The  two fuels and four catalysts were  modeled as class variables. 

Mean emissions and 95% confidence intervals for each fuekatalyst combination  are listed in 

Table 5-1 for the flP and for the individual bags  in the FTP. Mean FI'P emissions for each 

fuelkatalyst combination also are plotted in Figure 5-1. The 95% confidence intervals in this 

figure were  developed  using  the Tukey-Kramer multiple comparison  procedure  to  test for 

significant differences among  means  classified by fuel  type (e.g., 600 ppm sulfur versus 35 ppm 

sulfur). Where there is no overlap of confidence intervals between  pairs of fuels,  the  observed 

difference in means is statistically significant. 

The g r d m i l e  reductions in FI'P emissions observed in switching from the 600 to the 35 ppm 

sulfur fuel  are listed in Table 5-2 and  plotted in Figure 5-2. (Note that all CO measurements in 

Figure 5-2 have  been divided by 10 to facilitate plotting on  the same scale as the other pollutants 

shown in the figure,) The bottom of Table 5-2 also contains a summary of  the sulfur effects in 

the PERF program  which tested 10 vehicles (6 different models) certified to California TLEV 

standards on 25,300 and 600 ppm sulfur fuels (1). 

The effects of sulfur on  Honda  TLEV  exhaust emissions were similar to  those  seen in other 

programs.  Emissions  were lower on  the 35 ppm sulfur fuel  than  on  the gasoline with 600 ppm 

sulfur. The differences in emissions between fuels were statistically significant for  the group of 

four  test catalysts as a whole, but differences between fuels in individual catalysts were  often  not 

significant. Averaging over all catalysts, lowering sulfur from 600  to 35 ppm  reduced FTP 

emissions by 21 to 27% depending on  the pollutant. 
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The effects of sulfur on emissions were  similar,  both in magnitude  and  on a percentage  change 

basis,  to those observed  in the PERF  TLEV  program.  The  magnitude  of  the effect of sulfùr on 

NO, was larger in the present  study,  but NO, emissions  from the Honda TLEV were  much  larger 

than  fleet  average NO, emissions in  the  PERF TLEV project. In addition, sulfur effects in both 

the PERF TLEV project and in this project  were  comparable to those observed in the Auto/Oil 

Air Quality Improvement  Research  Program  for Tier O and in Tier 1 vehicles, given the 

uncertainty in the data. (1)(3) 

Exhaust emissions were lowest for the original  catalyst  and  highest for the field-aged, 100,000 

mile in-use catalyst (M9). The differences in emissions between  the  original  catalyst  and catalyst 

M9 were statistically significant for all  pollutants  over the FTP.  Differences  among  the three 

aged catalysts were smaller than  the  differences  in emissions between  the original catalyst and 

M9. 

As described  earlier  in Section 2, catalysts M7 and M8 were  aged for 100 hours  on  an engine 

dynamometer  using the same accelerated aging  procedure (the RAT-A  cycle)  employed  in  the 

CRC Sulfur/OBD-II  laboratory  reactor  program. M7 was  aged  on a 40 ppm sulfur fuel and M8 
was  aged  on  gasoline with 1 O00 ppm sulfur. There  was  no  difference in overall emissions or 

sulfur effects between these two catalysts. This indicates that  fuel sulfur content does not  have 

an effect on  long-term  catalyst emission performance  over  the  RAT-A  cycle. 

As  shown  in  Figure 5-2, the direction of the emissions response to fuels with lower sulfur was 

the same (i.e.,  lower)  for  all four catalysts tested. The  differences  in the magnitudes of the sulfur 

effect among the  four catalysts were  not statistically significant-as evidenced by the fact that the 

error bars shown  in  Figure 5-2 overlap to a large extent. This indicates that rapid catalyst aging 

does not  have a large  effect  on sulfur response  when  compared to in-use aging. 

An identical catalyst  from a Honda  TLEV  was  tested in the CRC Sulfbr/OBD-II laboratory 

reactor program.  Data  from  the  present  program can be  used to compare a vehicle emission 

response to  sulfur over  FTP  transient driving conditions to a sulfur response  based on a 
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laboratory reactor operated under steady-state conditions. Figure 5-3 compares the  percent 

reduction in emissions in switching from 600 to 35 ppm sulfur in this program to that observed 

in  moving from 600 to 40 ppm sulfur in  the  CRC  program. Emissions in this program are 

averaged over the two catalysts which  were rapidly aged using the same protocol employed by 

CRC  (M7 and Mg), and they are shown  separately for each Bag  of  the FTP. Emission effects for 

the CRC program were estimated from  reported catalyst efficiencies, which are directly  related to 

emissions because feed gas composition was  held constant. 

The effects of fuel sulfur on emissions over the entire FTP in the present study were smaller than 

those observed in the CRC Sulfur/OBD-II program. In  the  CRC program, reducing feedgas 

sulfur content from 600 to 40 ppm  lowered  NMHC  and  NO, emissions from the Honda  TLEV 

catalyst (aged to  the equivalent of 100,OOO miles) by 57%. This was  more than twice  the 

percentage effect seen over the FTP in  the  present study. The  CRC program tested catalysts in a 

laboratory reactor operated under steady-state, warmed-up conditions. Emissions under these 

conditions are typically quite low and result  in a magnification of sulfur effects when emissions 

responses are evaluated on a percentage basis.  The sulfur effects on NMHC emissions in the 

CRC  program are of the  same order of magnitude as those  seen  in Bags 2 and 3 of the FI'P in the 

present study. 

As described previously, measurements of oxygen storage capacity were performed for each 

catalysdfuel combination in a 1996 Honda Civic. OSC measurements did  not have replicates, so 

fuel and catalyst interaction effects could not be included in the statistical model. Multiple 

measurements were  averaged over each fuel and catalyst. The anomalous result for catalyst M8 

and the high sulfur fuel (discussed previously  in Section 4) was treated as an outlier and excluded 

from statistical analysis. The OSC data were then analyzed using a statistical model that 

included fuel and catalyst effects. 

The average OSC for each catalysdfuel combination is plotted in Figure 5-4. The mean  OSC for 

each fuel over all of the  test catalysts also is  shown  in this figure. Differences between  the 

original and the aged catalysts are much larger than  any differences between the  two fuels. OSC 

is roughly twice as high  in  the original catalyst when compared to the three aged catalysts, all of 
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which  had  similar OSC. Gasoline  sulfur  content  does  not  have  a  significant  effect  on  the  oxygen 

storage  capacity of the  four  catalysts  tested  in  this  study,  and  average OSC is  almost the  same  for 

the low and high  sulfur fuels. 
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Table 5-2: Reduction In Honda  Tlev  Ftp  Emissions In Switching  From 
High  To Low Sulfur  Fuel (600a35 Ppm)  And  Comparison To 

Results  From  Perf  Tlev  Program 

M8 

M9 

Catalyst Pollutant 
M7  THC 

NMHC 
NO, 
CO 

THC 
NMHC 
NO, 
CO 

THC 
NMHC 
NOx 
CO 

Original THC 
NMHC 
NOx 
CO 

ALL THC 
NMHC 
NOX 
CO 

PERF TLEV, 600-->25 m m  
NMHC 
NO, 
CO 

Grams per mile 
0.032 i 0.012 
0.01%0.027 
0.08M.125 
0.36644.538 

0.01w.012 
0.01 W0.027 
0.131M.125 
O. 14W0.538 

0.046iO.012 
0.025*0.027 
0.181îO.125 
0.44W0.538 

0.04W.015 
0.028*0.034 
0.077*0.152 
0.45!&0.659 

0.035M.004 
0.021M.008 
0.1 lW.038 
0.351M.164 

0.028 
0.025 
O. 193 

Percent 
Reduction 
24.8% 
21.2% 
20.6% 
24.1 yo 

15.8% 
13.8% 
28.2% 
9.9% 

26.1 YO 

3  1.9% 
22.9% 

37.6% 
32.3% 
23.9% 
4 1.7% 

19.9% 

26.2% 
2  1.9% 
26.9% 
23.6% 

19.1% 
15.1% 
26.9% 

95% confidence  intervals are shown. Significant  differences are 
bolded 
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Figure 5-1 
Honda TLEV FTP Emissions 

0.18 

-- -1Wk Callfornia  TLEV  Std 0.16 

- 
- 
$, 0.14 

" o- 0.12 

-- 

X 
+ 

g 0.10 

-- $ 0.06 

" + + + + + + S  

I 
0.08 - -  + 

5 0.04 " z 
0.02 " 

0.00 J l 

Catalyst IDFuel Sulfur  (pprn) 

0.70 T 

0.60 

0.50 

5 0.40 

0.30 

0.20 
2 

+ th  
lOOk Callfornla  TLEV  Std 

" + + +  + S 

+ 
0.10 + 
0.00 I 

Catalyst  IDlFuel  Sulfur  (ppm) 

4.50 

-- 3.00 

-- lOOk Callfornla  TLEV  Std 3.50 

" 4.00 

- 

- 
S 2.50 

-- 

ô 2.00 " o IC 
1.50 -- 

1.00 - -  IC I C +  + B  
m 

0.50 -- IC 
0.00 J l 

Catalyst  ID/Fuel  Sulfur  (ppm) 

5-7 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

-
-
`
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



Figure 5-2 
Effect of Sulfur on Honda TLEV Emissions 

(Reduction in FTP Emissions 600->35 ppm S) 
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Figure 5-3 
Comparison of Honda TLEV Sulfur 

Response in API and CRC Programs 
(Percent  Reduction in Emissions 600->35/40 ppm S) 
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Section 6 

SUMMARY 

The results of this test program  show  the  following: 

The effects of sulfur on exhaust emissions of a 1993 Honda Civic certified to California 
TLEV standards were similar to those seen  in  other  vehicle test programs  such as those 
conducted by PERF  and  the AutoIoil AQIRP. (1) (3) Emissions were  lower on the 35 ppm 
sulfur fuel  than  on the gasoline with 600 ppm  sulfur.  The differences in emissions between 
fuels were statistically significant  for  the  group  of  four test catalysts as a whole,  but 
differences between fuels in  individual  catalysts  were often not significant. Averaging over 
all catalysts, lowering  fuel sulfur content  from 600 to 35 ppm  reduced  FTP emissions by  21 
to 27% depending on the pollutant. 

Exhaust emissions were  lowest  for  the  original  catalyst and highest for the field-aged, 
100,000 mile  in-use  catalyst (M9). The  differences in emissions between  the  original  catalyst 
and M9 were statistically significant for  all  pollutants  over  the  FTP. 

Fuel sulfur content  did  not  have  an  effect  on  the  long-term emissions performance  of 
catalysts which  had  been artificially aged  using  the  RAT-A  cycle. Catalysts M7 and M8 were 
aged  for 1 O0 hours on a dynamometer  using  the RAT-A cycle for 1 O0 hours on 40 and 1 O00 
ppm sulfur fuels, respectively.  There  was  no  difference  in overall emissions or sulfur effects 
between these two catalysts. 

Rapid  catalyst aging did  not  have a large  effect  on sulfur response  compared  to  in-use aging. 
All catalysts responded directionally the  same to sulfur and  there was no difference in the 
magnitude  of  the sulfur effect among  the  four  catalysts. 

An identical  catalyst  from a Honda TLEV  was  tested  in  the  CRC  Sulfur/OBD-II laboratory 
reactor program. A comparison  of  the data generated  from  the two programs suggests that 
laboratory results may (a) overstate sulfur effects as measured  from a vehicle and (b) 
represent hot  vehicle  performance  better  than  cold  operation. Reducing fuel sulfur content 
from 600 to 40 ppm in the CRC  laboratory  reactor  program  lowered the Honda TLEV  HC 
and NO, emissions by 57% or  more  than  twice  the  percentage effect seen over the FTP in the 
present  study.  However,  the sulfur effects on HC that  were observed during the warmed-up 
phases of the  FTP  (Bags 2 and 3) of the present  study  were similar to those measured in the 
CRC lab reactor  program  under  steady-state,  warmed-up conditions. 

Gasoline sulfur content did  not  have a significant effect on  catalyst  oxygen storage capacity. 
Differences in OSC between the original and the aged  catalysts  were much larger than any 
differences attributable to  fuel sulfur content.  OSC  was  roughly twice as high in the original 
catalyst compared to the three aged catalysts, all of  which  had similar OSC. 
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Appendix A 

CATALYTIC  CONVERTER AGING WITH  TWO  FUEL  SULFUR  LEVELS 
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May 21,1996 

TO: American  Petroleum  Institute 
1220 L st. Nw 
Washington DC 20005 

A'ITN: Mr. David Lax 

SUBJECT SwRI  Proposal 08-18784B, "Aging of Honda  Converters at ~o Fuel  Sulfur 
Levels using the CRC  Protocol." 

I. INTRODUCTION 

This proposal was  prepared  in  response  to a request from Dr. Bill Bandy of  Amoco 
Corporation, made on  November 29,1995. It was first revised to reflect  a  change in proposed 
funding  organization. This second revision  reflects  a  change in the requested scope of the 
work. The  Department of Emissions  Research (DER) of Southwest  Research Institute (SwRI) 
proposes to perform  catalytic  converter  aging a t  two fuel sulfur levels, following the aging 
protocol developed for the CRC project, and described in  the SwRI Proposal 08-1801OA. Two 
pre-canned  converters will be  supplied by Honda.  The  converters will be aged as described 
below, and  returned to the  supplier for  evaluation. 

II. STATEMENT OF WORK 

The DER at SwRI will perform  catalytic  converter  aging a t  two fuel sulfur  levels on 
a stationary  dynamometer. A total of two (2) converters will be aged in the test program. 
The proposed sequence,  duration,  number of catalysts  aged  and  fuel  sulfur  level  is  shown in 
Table 1. 

TABLE 1. TEST MATRIX 

S b P  Fuel Sulfur Level Aging Duration Aging Converter 
No. PPm (hrS) Description 

1 

1000 100 RAT-A(8OO'C) 2 2 

40 100 RAT-A(800°C) 1 

The aging  engine is a 7.5L V-8 Ford engine equipped with  multiport  fuel  injection  and 
an  exhaust  splitter  system custom  built  for this aging protocol. Converters will be  aged 
following the Rapid Aging Engine  Test Cycle (RAT A) described in Table 2. 

S A N  A N T O N I O ,  T E X A S  

HOUSTON. TEXAS DETROIT, MICHIGAN WASHINGTON, DC 
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TABLE 2. RAPID AGING ENGINE TEST CYCLE 

SbP I Description 1 
1 Closed loop, stoichiometric  operation for 40 seconds, catalyst  inlet 

temperature of 8OOmC, measured 6 inches upstream of the catalyst face. 
Catalyst  space velocity = 81,000 hr-' 

2 I Power enrichment mode, 3 percent  carbon monoxide for 6 seconds II 
-~ ~ ~~ ~ ~ ~ 

3 

Closed loop, stoichiometric  operation with air injection at   the  converter 4 

Power enrichment with air injected at converter inlet to provide 3 percent 
~~ 

carbon monoxide, 3 percent oxygen for 10 seconds 

inlet  to provide 3 percent oxygen for 4 seconds 

The  fuel  used is California Phase II certification fùel. The sulfur level is specified at 
35 - 40 ppm and unmodified fuel is used for the low sulfur  aging.  The high sulfur fuel aging 
uses  the  same  fuel, doped with  thiophene  to  a  sulfbr level of 1000 ppm. 

Also included in this revision, is a request to obtain continuous temperature  readings 
at  O,  50, and 100 hours. DER will  collect two temperatures  (catalyst  inlet  and  catalyst bed) 
for  a total of 600 seconds. This time  interval  equates to ten full  aging cycles. The  data 
acquisition will commence at the start of a cycle. The  temperature  data will be  stored on a 
3.5 inch  computer  disk, in  the form of delimited ASCII files, and shipped with the  catalysts. 
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Appendix B 

DETAILED  TEST PROTOCOL 

1993 HONDA CIVIC VX (TLEV) 

Each test on the 1993  Honda Civic VX consisted of a  FUEL  CHANGE and 
PRECONDITIONING  sequence,  a  FTP  EMISSIONS  TEST,  and an OXYGEN  SENSOR 
MEASUREMENT  which  followed  immediately &er the FTP. Descriptions of  each of these 
elements are  given  below. 

Four different catalysts were  used  on the test  vehicle  over the course of testing. 

FUEL CHANGE  and  PRECONDITIONING 

The fùel change procedure  involved  a  complete  drain of the existing fuel  from the tank, two 
three-gallon flushes (fill and drain) with  the  new  fuel,  and  a  final  fill to 40% of the  fuel tank 
capacity as listed  in the owner’s  manual. 

For  a  repeat  test or a test using the same íùel as the previous  test, the two three-gallon flushes 
were omitted. The fuel was simply  drained  and  refilled to 40% of tank capacity. 

The preconditioning  procedure  followed  shortly after the  final  fill. The preconditioning drive 
consisted of one Highway  Fuel  Economy  Test  (HWFET)  drive  cycle, a short key-off  period, 
followed by a single  Urban  Dynamometer  Driving  Schedule (UDDS) driving cycle (which is 
Bags 1 and 2 of the  FTP,  often  referred to as the LA-4 cycle). The vehicle was  then soaked 
overnight at 75 “F with the hood  in  the  open  position,  for  at  least 12 but not more  than 24 hours. 

FTP  EMISSIONS TEST 

The emissions test  included  driving the vehicle  according  to the 1975 FTP protocol, beginning 
with the cold  start following the soak  period.  The test was  configured to collect Dilute Bags, as 
well as Raw Engine-Out  Second-by-Second  emissions  and  Engine-Out  Bag  Equivalents. Dilute 
emissions measurements included  HC,  CO, NONO,, CO2  and  CH4 (methane).  Engine-out 
emissions included all of the above except CH4. In order to compute Bag  Equivalent  Engine-Out 
emissions, the “CO2 Trace”  analyzer  was run, and the output was stored on a second-by-second 
basis. 

The temperatures at the inlet and outlet of the catalyst also were recorded for each complete FTP 
test. This was accomplished by plugging the two catalyst  thermocouples into a data recorder and 
starting the recorder just prior to the start of the test. 
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OXYGEN SENSOR  MEASUREMENTS 

Immediately following each FTP, catalyst oxygen sensor measurements were  made. This was 
done as follows: 

1. The  car was  left  running for 3-5 minutes following the completion of the F f P  and  the  vehicle 
speed was  set  to cruise at a steady 35 mph. 

2. After this 3-5 minute period, the output voltage of both oxygen sensors was  recorded for 3 
minutes (1 80 seconds) at 10 Hertz (samples per second) and the data were tabulated  in a 
spreadsheet. 

1996 HONDA CIVIC LX (LEV) 

Measurements of oxygen storage capacity were  made for each catalyst/fuel combination with  the 
four catalysts used  in  testing the 1993 vehicle installed in a 1996 Honda Civic supplied by Honda 
Research of  America  (HRA)  and the two fuels used  in testing the 1993 vehicle. The 1996 
vehicle was instrumented by HRA to allow the OSC information generated by the vehicle’s on- 
board diagnostic catalyst monitoring function to  be examined and recorded as described in  the 
procedure provided by  HRA. The preconditioning protocol  was the same  as that used for the 
emissions tests on the 1993 vehicle except that the overnight soak was deleted and  replaced  by a 
10 minute key-off  period preceding the FTP. No emissions or temperature data were collected 
during the FTP driving cycle. Triplicate measures of OSC were  made according to the 
instructions provided by HRA. 

VEHICLE TEST PROTOCOL SUMMARY 

The following procedure was  used for preconditioning and testing the two vehicles in this 
program. It is similar to the procedure used  in the Auto/Oil Phase I sulfur study: 

Drain fuel 
3 gallon fill - new fuel (room temperature) 
Idle 2 minutes 
Drain fuel 
3 gallon fill - new fuel (room temperature) 
Idle 2 minutes 
Drain fuel 
40% fill - new fuel (room temperature) 

Note: The preceding is estimated to provide fresh fuel in a tank that contains no more  than  1%  by 
volume  of  the previous fuel, assuming no more  than 1.0 gallon  of residual fuel  in  the  vehicle fuel 
system and 4.8 gallons for  the 40% fill. If these assumptions are not valid, recalculation  of  the 
fuel flush volume  and  the  required  number  of flushes required  may  be needed.) 
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0 Highway Fuel Economy Test preconditioning 
Engine off 5 minutes 

0 Idle 1 minute 
0 Engine off 1 minute 

1993 Honda Civic VX TLEV: 

L A 4  preconditioning 
0 Vehicle soak 12-24 hrs. @ 75i3 "F) 
0 FTP emissions test (75 "F), with catalyst temperature recordings 
0 Set speed to 35 mph  in 4th gear 
0 Wait 3-5 minutes 
0 Record before/after catalyst oxygen sensor voltages for 180 seconds 

1996 Honda Civic LX LEV; 

o L A 4  preconditioning 
0 Engine off 10 minutes 
O FTp cycle (75 O F ) ,  without any emission measurements or catalyst temperature recordings 
O Immediately following the FTP, conduct triplicate catalyst oxygen  Storage n"ements  

using the procedure specified by HRA (See Appendix C.) 
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Appendix  C 

OXYGEN  STORAGE  CAPACITY  MEASUREMENTS  WITH THE 1996 
VEHICLE 

Honda R&D of North America, Inc. supplied the following instructions for performing oxygen 
storage capacity measurements with  the 1996 Honda Civic LX: 

l .  Set the vehicle speed to 50 MPH in 4* gear for 1 O minutes to bring the engine and the 
catalyst to operating temperature. 

2. Reduce the vehicle speed to 35 MPH.  The  hexadecimal  display of the ECU  monitor should 
have a value between 35 and 39. At this time  it is very important to maintain a constant 
vehicle speed. 

3. After  the vehicle speed has been maintained  at 35 MPH for approximately 2 minutes, the 
ECU  will  begin the OSC  test.  The ECU monitor  will  initially  reset the OSC  timer to O. Then, 
it  will  cycle  between rich and lean ten times.  The average time of the ten cycles is the OSC 
number.  Log this value in the data table.  If  the  vehicle  speed fluctuates too much, the ECU 
monitor will reset the timer to begin  OSC testing from the beginning. 

Do not repeat this test cycle  more  than three times.  If  the test needs to be repeated, start the 
procedure from  the  beginning. 
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American 1220 L Street, Northwest 
Petroleum Washington, D.C. 20005 
Institute 202-682-8000 

http://www.api.org 
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