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This paper updates a previous analysis (Whitten, 2005) of the carbon monoxide (CO)-
related VOC offset built into the California RFG regulations.  This new offset amounts to 
72 tons per day of on-road VOC equivalents from using E10 compared to non-oxy fuel or 
E0;  consideration of non-road impacts could add another 19 tons per day to this bringing 
the total to about 90 tons per day VOC equivalents.  In terms of grams per on-road 
gasoline vehicle the CO reduction calculated here is 105 grams per day for E10 and 60 
grams per day for E5.7, which compares to a recent ARB estimate of only 7.8 grams per 
day of CO for E5.7.  The net balance between these offsets and ethanol-related 
permeation emissions continues to be an issue (along with a NOx issue discussed below) 
in the current plans to modify these RFG regulations.   
 
As the present regulations for Phase 3 of the California RFG program were finalized, a 
concern over increased permeation emissions of volatile organic compounds (VOC) due 
to the use of ethanol lead to the creation of an offset between CO and any anticipated 
permeation increases from its use in CaRFG3.  The form of this “offset” was to not debit 
non-oxygenated CaRFG3 for increases of CO over the base “flatline” CaRFG3, which 
contains 2 weight-percent oxygen.   
 
The ARB (2000) stated; 
 
“Moreover, a gasoline with zero oxygen will have lower rates of permeation emissions 
than fuels with ethanol or MTBE.  The lower permeation emissions from gasoline with 
no oxygen appear to more than offset the increase in ozone-forming potential from the 
higher CO emissions.  Thus, it is not necessary to include a CO debit mechanism in the 
final regulations.” 
 
Along with banning MTBE, CaRF3 was designed to give increased flexibility for the use 
of 100% petroleum non-oxygenated fuel. 
 
 
Background 
 
Fuel oxygen is well-known to reduce tailpipe CO emissions and CO is a well-known 
VOC-like precursor to ozone formation (National Academy, 1999).  Although CO is a 
VOC-like ozone precursor, on a weight basis CO is significantly less reactive towards 
forming ozone than typical mobile-related VOC.  However, the amount of CO emitted by 
gasoline-burning vehicles is significantly more than the total VOC emissions.  The 



National Academy (1999) estimated that “CO in exhaust emissions from motor vehicles 
contributes about 20% to the overall [ozone-forming] reactivity of motor-vehicle 
emissions.”  The National Academy (1999) also recommended that potential variations in 
CO emissions be accounted for in RFG programs.  Both the U.S. EPA (66 FR 37156, 17 
July, 2001) and the California Air Resources Board in its CaRFG3 regulations have 
followed this recommendation for cases involving fuel oxygen over the base of 2 weight 
percent. 
 
In the CaRFG3 regulations fuels with oxygen above the base “flatline” value of 2 percent 
a VOC credit is assigned for CO reduction through the use of a reactivity factor that gives 
0.021 VOC weight “credit” for each weight unit of CO reduced by the fuel oxygen over 
the 2 percent (required) oxygen base.  The 0.021 value is the ratio of MIR reactivity 
factors for CO and exhaust VOC that were developed by W.P.L. Carter (1994) using a 
single-day single-cell box model for 1-hour ozone under non-SIP conditions.  The CO- 
reduction credit is derived from an assumed CO to VOC emissions ratio and an existing 
(see below) 5.9 percent reduction of carbon monoxide emissions per weight percent of 
fuel oxygen.  Thus, for example a fuel with 3.5 weight percent oxygen could get some 
VOC credit that might be used to offset say some of the volatility increase caused by 
blending with ethanol.  However, for fuels with oxygen content less than the base of 2 
percent there is no VOC or other debit assigned for the increases in CO that can occur 
due to less fuel oxygen than 2 percent which forms the basis (for regulatory emissions 
comparison) of CaRFG3 gasoline.  As noted above the ARB has stated that the reason for 
this lack of debit was to encourage the use of non-oxygenated CaRFG3 because the use 
of ethanol could lead to (then unknown) increases in VOC emissions due to permeation 
from fuel containers, seals, and hoses. 
 
 
Recent Developments 
 
Although it has been over a year since the Coordinating Research Council released its E-
65 study of ethanol-enhanced permeation emissions, estimates of the daily tons of VOC 
released in California due to ethanol use are still under investigation.  Therefore, this 
present CO offset analysis will not be quoting any draft estimates of permeation. 
 
On one hand, the MIR factors have been updated (Carter, 2005) from those now used in 
CaRFG3 so that the original 0.021 CO to exhaust VOC reactivity ratio might be reduced 
to only 0.017.  On the other hand, the ARB is now considering the use of multi-day 
multi-cell grid-models and 8-hour ozone values under SIP-like conditions to evaluate 
reactivity factors and that current estimate implies a higher reactivity ratio of 0.026 for 
CO to exhaust VOC (Luo, 2006).  Although higher the MIR factors used previously, this 
new ARB estimate is still less than other estimates based on total VOCs rather than 
exhaust such as the U.S. EPA estimate of 0.067 (66 FR 37156, 17 July, 2001) or 
especially a 2002 European estimate as high as 0.111. 

                                                 
1 See 
http://themes.eea.eu.int/IMS/ISpecs/ISpecification20041001123013/guide_summary_plus_public?printable
=yesDefinition 



 
Other developments (described in detail below) associated with the CO offset concern the 
percent reduction of carbon monoxide emissions per weight percent of fuel oxygen.  The 
original 5.9333 value built into the present Predictive Model was derived based on a 
combination emissions inventory estimates available in 2001 for the various technology 
classes and on estimates of the percentage CO reductions from oxygenated fuel for these 
same various technology classes.  Due to a lack of data an assumption was made for 
vehicles built after 1995 (Tech 5) such that these vehicles would have zero CO reduction 
from using oxygenated gasoline.  Studies by Alliance (2001) and CRC-67 (2006) show 
that significant CO reductions are possible from fuels containing oxygen.  Also the ARB 
continues to update emissions inventories and the most recent inventory implies more CO 
emissions in California than estimated when the Predictive Model was created. 
 
Finally, there is some evidence that suggests that the ratio of CO emissions to exhaust 
VOC emissions may need further refinement in the ARB inventories. 
 
Without considering any refinement to the ARB estimate for the ratio of CO emissions 
the other recent developments alone lead to a new estimate of 70 tons VOC equivalent 
per day offset by E10 reductions in CO compared to E0 fuels for 2005 (the base year 
used for CaRFG3);  and the non-road impacts could add another 20 tons per day to this 
bringing the total offset to about 90 tons per day VOC equivalents.  
 
 
Detailed Analyses 
 
The Reduction in CO Due to Fuel Oxygen ---  As noted above, a permeation offset was 
originally built into the CaRFG3 regulations as described in Appendix G, of the 22 
October, 1999, “Staff Report: Initial Statement of reasons, for the Proposed California 
Phase 3 Reformulated Gasoline Regulations.”  The full Appendix G is reprinted here as 
Attachment A.  Two key assumptions in this Appendix G are contrary to well 
documented recommendations and recent data.  One of these assumptions was that the 
CO impact from fuel oxygen is abruptly non-linear at 2 weight percent oxygen such that 
the CO reduction below 2 percent oxygen is much less than above (See Attachment A, 
page G7).  Second, it was assumed in this Appendix G that the vehicles from model year 
1995 to present (Tech 5) have zero CO reduction from fuel oxygen (See Attachment A, 
Tables 4 and 5, page G3).  These assumptions are challenged as follows: 
 

>Non-linear CO response with fuel oxygen – This issue was addressed in the 
OSTP (1997) study.  In that study, a blue-ribbon panel of scientists concluded that the 
response of vehicles to fuel oxygen should be considered linear because all the CO 
reduction data was presented on the basis of a percentage CO reduction per percent 
weight fuel oxygen.  The ARB has not supplied evidence to support the use of a non-
linear relationship between fuel oxygen and CO reductions.  Actually, the ARB itself 
assumed a linear relationship especially between zero and 2.7 weight percent fuel oxygen 
when the ARB applied for a waiver to use only 2 (instead of the required 2.7) weight 



percent oxygen in its wintertime oxygenates program.  In ARB Final Statement of 
Reasons (September, 1992) the ARB stated: 

 
“The adopted wintertime oxygenates regulation will achieve most of the CO 

reductions that would result under the full federal program.  The staff estimates that the 
regulation adopted by the Board will reduce CO emissions from gasoline vehicles by 
about 10 percent.  In comparison, adoption of the federal program would result in a CO 
emissions decrease of about 13 percent.2” 

 
In the Appendix G discussion shown below in Attachment A, it is noted that a large part 
of the CO impact above 2 weight percent is based on data that includes aggressive 
driving (REP05), but no data was available at that time to show a significant CO response 
to fuel oxygen below 2 weight percent3.  There now exist data that may show impacts 
between zero, 2, and 3.5 weight percent oxygen.  Such data were taken as part of an 
Alliance study “performed at the request of CARB in conjunction with the MTBE-ban 
and new CBF3 [CaRFG] regulations.”  Although the bulk of the data from the Alliance 
study were released by July, 2001, (the fuel oxygen data were too late to become part of 
the CaRFG3 regulations) the aggressive driving data (US06) has still yet to be released.  
Perhaps, since the Alliance study was “performed at the request of CARB,” the ARB 
might be more successful than this author in obtaining the Alliance US06 data. 

 
In response to questions on CaRFG3 the California ARB has alluded to a belief that the 
CO reduction below 2 weight percent fuel oxygen would be non-linear and less due to T-
50 and sulfur reductions used by refiners to meet the NMOG requirements for non-
oxygen CaRFG3.   Appendix G (reproduced in Attachment A below) discusses this also.  
As noted above, the ARB staff have yet to supply evidence to support their T-50 and 
sulfur claims.   On the contrary, data on recent non-oxygenated CaRFG3 fuels have been 
supplied to this author by the ARB that refute this claim.   
 
During 2003 there were at least 3 refineries supplying non-oxygenated CaRFG3 gasoline 
in California.  In 2004 data from only one refiner was available from the ARB.  
Apparently, non-oxy CaRFG3 was more widely in use during 2003. 

                                                 
2 Actually, the 1994 Caldecott Tunnel data published by Kirchstetter et al. (1996) showed that CO was 
reduced by 21 percent in spite of increased sulfur in the oxygenated gasoline.  Also Whitten and Cohen 
(1996) showed on average at over 300 sites nationally that the federal program achieved a 14 percent CO 
reduction. 
3 It is also curious, as shown in Table 5, page G3 of Attachment A, that the ARB was willing to apply the 
aggressive driving credit to all model-year vehicle-groups in spite of data not available for all these 
categories.  Yet the ARB used the “no data” reason to abruptly diminish CO response to fuel oxygen for 
fuels with less than 2 weight percent.  



 
 

California Air Resources Board -- Enforcement Division Test Results 
Non-Oxy Gasoline from Northern California Refineries for 2003 and 2004. 

Date sampled Refinery 
  Grade Benzene 

v% 
Aromatics 

v% 
Olefin 

v% T50 T90 
Sulfur 
ppm RVP 

April 2004 1 Regular 0.31 22.1 9.4 210 303 6 6.66
April 2004 1 Premium 0.20 23.6 9.1 212 305 5 6.54
April 2004 1 Premium 0.20 23.5 9.1 212 305 5 6.56
July 2004 1 Regular 0.24 23.2 7.5 211 307 4 6.70
July 2004 1 Premium 0.37 23.7 7.2 211 307 5 6.67
Dec – 2004 1 Regular 0.27 18.5 10.5 210 308 5 no test
             
Sept – 2003 1 Regular 0.40 23.0 9.5 206 302 6 6.58
Sept – 2003 1 Premium 0.25 24.0 9.2 207 309 5 6.74
Sept – 2003 1 Regular 0.39 23.1 9.2 207 300 5 6.60
Sept – 2003 2 Regular 0.75 29.1 0.0 207 313 3 6.63
Nov – 2003 3 Regular 0.71 28.5 3.9 193 300 12 no test
Nov – 2003 2 Premium 0.62 24.9 0.5 195 314 2 no test
Nov – 2003 2 Regular 0.27 29.0 0.4 189 311 1 no test
Nov – 2003 1 Premium 0.15 22.3 8.8 214 314 4 no test
Nov – 2003 1 Regular 0.33 21.6 7.7 211 304 6 no test

 
For ethanol-containing CaRFG3 a volume-weighted average fuel for 2004 is available in 
the AIR (2005) final report.  This averaged fuel was obtained from oil industry 
stakeholders via E-mail from Jim Uhlein, BP, on 2 September, 2004.   The properties of 
this fuel, with 6 percent ethanol (2.1 percent weight oxygen), are as follows: 
 

Benzene v% Aromatics v% Olefin v% T50 T90 
Sulfur 
ppm RVP 

0.6 23.0 4.0 209 307 11 6.87 
 
The ARB Draft Report of February, 2005, claims that “The fuel properties necessary to 
reduce hydrocarbons also reduce the emissions of CO.  As a result, these changes 
significantly lessen the magnitude of any CO emissions associated with the removal of 
oxygen from CaRFG3, by about half …”  While this claim is not clearly substantiated in 
the February Draft report, the ARB had previously addressed this issue in Appendix G as 
noted above.  In this 1999 Appendix G the ARB claims that “Of the eight fuel properties 
that are regulated by the CaRFG2[sic] regulations, the ones that are most likely to be 
adjusted to offset the increase in hydrocarbon emissions would be sulfur and T50.”  The 
fuel properties shown above do not clearly support this claim.  The most consistent 
adjustment for hydrocarbons is a reduction in RVP, which would reduce non-exhaust 
hydrocarbons but, at these levels of RVP, would not impact CO exhaust emissions. 
 
A minor reduction in sulfur content is evident in the fuel properties shown above.  The 
change to non-oxy CaRFG3 from the averaged E6 fuel with 11 ppm sulfur shows a fairly 
consistent reduction in sulfur of about a factor of two.  Using the Predictive Model and 



starting with the averaged E6 fuel a reduction of only sulfur to 5.5 ppm accounts for only 
a 0.3 percent reduction in THC.  However, Technical Bulletin No. 18 from the Auto/Oil 
Air Quality Improvement Research Program indicates that percentage CO reductions 
from fuel sulfur reductions are only about half those for THC for Tech 4 vehicles.  
Hence, the evidence presented here from real-world fuels shows that changes between E6 
and non-oxy CaRFG3 in neither T50 nor sulfur could significantly impact the CO 
increases expected from non-oxy fuels in California. 
 

> Zero Tech 5 Response --  Apart from linearity, the other issue on CO reduction 
to be discussed here is the assumption noted above from Appendix G, Table 5 (page G3 
below in Attachment A) that vehicles since 1995 (Tech 5) would show zero reduction in 
CO from fuel oxygen. To address this issue, we will return to the derivation in this 1999 
Appendix G for the overall fleet CO reduction of 5.9333 per weight percent of fuel 
oxygen as is used in the present Predictive Model4.   In Table 5 of this Appendix G (page 
G3 below), the reduction from 1 percent change in fuel oxygen is estimated to be 296.44 
tons per day CO.  In Table 3 of this same Appendix G (page G2 below), it is shown that 
the emissions of CO for 2005 were estimated at that time to be 4995 tons per day in 
California, which implies a 5.93 percent reduction of CO for each 1 percent change in 
fuel oxygen.  In this Table 5 the CO reduction from model years 1996 to 2005 (Tech 5) is 
shown to be zero for each 1 percent increase in fuel oxygen over the flatline 2 weight 
percent fuel oxygen. 
 
The 2001 Alliance study shows that Tech 5 vehicles appear to reduce the CO emissions 
by 7.5 percent per fuel oxygen percent5 and the Alliance study shows that the data and 
the regression equation giving the 7.5 percent CO reduction per percent fuel oxygen are 
consistent with a linear response assumption between zero and 4 weight percent fuel 
oxygen.  Furthermore, the fuels that were used were mixed “attempting to hold key fuel 
parameters constant,” so that the data would be most appropriate for use in the Predictive 
Model.  However, these key Tech 5 oxy-fuel results were not available in time to be 
codified into the current Predictive Model (June, 2001) and so the zero impact and non-
linear assumptions were used instead 
 
In this original Table 5 of ARB’s Appendix G, an attempt was made to relate FTP data to 
newer tests that involve aggressive driving by incorporating a factor of 2.8 into the CO 
reduction on top of the FTP.  Although the Alliance Tech 5 study did include US06 data 
that should show the impact of oxygen on CO emissions from aggressive driving, the 
US06 data has not yet been made public.  Therefore, for the present case the reductions 
for Tech 5 based on the Alliance study will be used without this extra 2.8 factor. 
 

                                                 
4 This value of 5.93333 can be found in the final version of the Predictive Model (16 June, 2000) at cell 
D21 of worksheet D. 
5 The Alliance, AIAM, Honda, “Industry Low Sulfur Test Program”, presented at ARB Workshop, 7/2001.  
Available at http://www.arb.ca.gov/fuels/gasoline/meeting/2001/071201AAPrstn.pdf. and at 
http://www.autoalliance.org/archives/000125.html. 
 



Recently the CRC-67 study has been released that used very new vehicles and several T-
50, T-90, and ethanol levels.  The analyses presented in the CRC-67 study are still under 
review, but some non-linearities do seem apparent with fuel oxygen and CO reduction.  
Contrary to the California’s previous assumptions that the CO response would be greater 
above 2 weight percent, the study appears to show less response above 2 weight percent 
fuel oxygen.  For the present analysis we will use the low T-50 results and the average of 
the zero to 2 weight oxygen response and the response from zero to 3.5 weight oxygen.  
Actually, such an average gives 7.1 percent CO reduction per percent fuel oxygen, which 
is close to the Alliance results of 7.5 percent CO reduction noted above.   The average of 
the Alliance and CRC-67 studies is then 7.3 percent. 
 
In order to use the averaged Alliance, 2001, and CRC-67, 2006, data to update the old 
5.933 oxygen response we will go back again to Table 3 of ARB’s 1999 Appendix G 
(page G2 below).  That document shows that CO emissions in 2005 were then estimated 
to be 2071 tons per day from Tech 5.  A 7.3 percent reduction of these (instead of zero) 
would have been 151.2 tons per day.  When added to the old Table 5 total reduction of 
296.44 tons, the new total would then be 447.6 tons reduced, which compared to the total 
emissions of 4995 given in Table 3 would then imply a “corrected” CO reduction rate of 
8.96 percent per fuel oxygen percent.   Thus, the implied CO reduction from non-oxy fuel 
to flatline fuel at 2 weight percent oxygen would be 17.9 percent.  However, in the 
CaRFG3 regulations flatline fuel at 2 weight percent oxygen, is considered the base fuel, 
which then implies that non-oxy fuels would show an increase in CO of 21.8 percent 
compared to a flatline CaRFG fuel. 
 
The tons of CO (and equivalent VOC) reduced by E10 --  The total Statewide CO 
emissions for 2005 are estimated to be 7243 tons per day as taken from the ARB 
emissions report site6.   It is reasonable to assume that this total would be for flatline 
CaRFG3, so non-oxygenated, as just noted, would be 21.8 percent higher or 8822 tons 
per day.  Since the revised Predictive Model reduction factor would be 8.96 CO reduction 
per oxygen percent, then E10 with 3.5 percent oxygen would reduced CO by 31.4 
percent.  Such a reduction would amount to 2770 tons of CO reduced per day compared 
to using non-oxygenated CaRFG3.  For 23.9 million vehicles this amounts to 105 grams 
per vehicle per day (including a 0.907 factor converting metric tons to U.S. tons).   Using 
the recent ARB reactivity ratio of 0.026 between CO and exhaust VOC leads to an (on-
road) offset of 72 tons of VOC per day Statewide (or 2.7 grams per day per vehicle).  For 
E5.7 the tons offset would be 1579 tons Statewide using a linear relationship, which 
would be 60 grams per vehicle. 
 
Non-road use of gasolines –  In the 2005 ARB Draft Report of February on ethanol, their 
analysis of permeation impacts includes non-road emissions.  Yet in the analysis of 
potential off-sets related to CO, non-road CO emissions are ignored.  The U.S. EPA 
recommends (EPA, 2002) that oxygenated gasoline fuel can reduce non-road CO 
emissions by about 6.5 percent per fuel oxygen weight percent.  The latest ARB gasoline 
statewide non-road CO inventory for summer 2005 is 2823 tons per day. If 2-weight 
                                                 
6 http://www.arb.ca.gov/ei/emsmain/reportform.htm.  Assumptions given were: statewide, summer, grown 
and controlled, on-road total – any diesel. 



percent oxygen flatline is the base then the non-oxygenated non-road emissions would be 
nearly 15 percent higher or a total of 3245 tons CO.   For E10 with 3.5 oxygen by weight 
the EPA-recommended CO reduction would amount to about 22.5 percent which would 
be 730 tons of non-road CO reduced per day.  Using the recent ARB reactivity ratio of 
0.026 between CO and exhaust VOC leads to a non-road offset of about 19 tons of VOC 
per day Statewide.  Combined with the on-road estimate of 72 tons this gives and overall 
exhaust VOC equivalent offset through CO reduction of over 90 tons per day. 
 
 
The NOx Issue 
 
Another issue has been predicted NOx increases in the existing Predictive Model (PM) as 
fuel oxygen goes above the flatline 2 weight percent (which is E5.7).  The Current PM 
shows an increase in NOx of 4.6 if fuel oxygen is increased from 2 weight percent to 3.5 
percent (i.e. the amount in E10) and all other properties are held at the flatline values.  
This is roughly equivalent to assuming that 10 volume of ethanol can replace 11 percent 
volume of MTBE.  At equal volumes the octane and many other parameters (i.e. T50, 
T90, aromatics, olefins, and sulfur) need not be different.  Of course, some low boiling 
compounds such as isopentane must be removed to compensate for ethanol’s RVP 
impact.  Without this dramatic NOx increase it would have been almost as easy for 
refiners to use ethanol instead of MTBE at roughly equal volumes to make compliant 
CaRFG3.   Instead, due to this NOx issue, for the last several years it was very difficult 
for refiners to use more than the flatline oxygen level corresponding to E5.7.  In order to 
compensate for the predicted NOx increase in the PM, refiners would need to reduce 
olefins to near 1 percent and sulfur to near 1 ppm, which would severely limit the 
available feedstock for blending with ethanol not to mention the extra costs involved. 
 
In early August, 2005, Cohen and Whitten made a presentation available at 
http://www.arb.ca.gov/fuels/gasoline/meeting/2005/mtg2005.htm.  They showed for the 
main 7000 point database, which are for vehicles of model year 1986 to 1993 (Tech 4) 
the existing PM does not fit the data as well as a formulation using a duel model 
approach.  Moreover, this type of approach appears to relate better to the overall NOx 
emissions in California.  Remote sensing and the ARB emissions model EMFAC indicate 
that roughly 80 percent of the NOx emissions can be coming from only 20 percent of the 
vehicles.  And in the Tech 4 database roughly 80 percent of the datapoints come from the 
lowest-emitting vehicles.  That is, there appears to be an “80/20—20/80” mismatch 
problem in emissions levels between the real-world vehicle population and the database 
population.  Cohen and Whitten used two distinctly different ways to address this “80/20” 
problem:  one method weighted to data points by emissions contribution as used in 
EMFAC; the other used two models, one for moderate-plus vehicles (the 20 of the 
database emitting above certification levels) and the other model for the normal emitting 
vehicles (the 80 percent of the database emitting below the certification standard).  The 
latter method offered the ability to test the approach against the data and it was found the 
such an approach fit the data very significantly better than the existing PM single-model 
type of approach.   Both the weighted-data and the dual-model approach provide similar 
(near zero) NOx response to fuel oxygen.  Hence, if either one of these approaches to 



dealing with the “80/20” problem are adapted, then refiners can easily blend ethanol up to 
the 10 percent limit. 
 

References 

Alliance, AIAM, Honda, (2001) “Industry Low Sulfur Test Program”, presented at ARB 
Workshop, 7/2001.  Available at 
http://www.arb.ca.gov/fuels/gasoline/meeting/2001/071201AAPrstn.pdf 

ARB (1999) “Staff Report: Initial Statement of reasons, for the Proposed California 
Phase 3 Reformulated Gasoline Regulations.”  Appendix G, 22 October. 

ARB (2000) “Proposed California Phase 3 Reformulated Gasoline Regulations: Final 
Statement of Reasons,” California Air Resources Board, June, 2000. 

Carter, W.P.L. (1994) "Development of Ozone Reactivity Scales for Volatile Organic 
Compounds," Journal of the Air and Waste Management Association, 44, 881-899. 

Carter, W.P.L. (2005) see http://pah.cert.ucr.edu/~carter/ 

EPA (2001) Federal Register (66 FR 37156, 17 July, 2001) 
 
EPA (2002) “Exhaust Emissions Effects of Fuel Sulfur and Oxygen on Gasoline Nonroad 
Engines,” EPA420-P-02-012, June, 2002. 
 
Kirchstetter, T.W., B.C. Singer, R.A. Harley, G.R. Kendall and W. Chan (1996) “Impact 
of Oxygenated Gasoline Use on California Light-Duty Vehicle Emissions” 
Environmental Science & Technology, Vol. 30, pp 661-670. 
 
Luo, D. (2006) see http://www.arb.ca.gov/research/reactivity/reactivity.htm. 
 
National Academy (1999) Ozone-Forming Potential of Reformulated Gasoline, National 
Research Council, National Academy Press, Washington, D.C. 
 
OSTP (1997) “Interagency Assessment of Oxygenated Fuels,” Office of Science and 
Technology Policy, Executive Office of the President, Washington, D.C. 

Whitten, G.Z., and J.P. Cohen (1996) “Regression Modeling of Oxyfuel Effects on 
Ambient CO Concentrations” Systems Applications Report No. 96/78, available at 
www.epe.com/OMSWWW/fuels.html#oxyfuel. 
 
Whitten (2005) “Comments on the ARB February, 2005, Draft Report “A Summary of 
the Staff’s Assessment Regarding the Effect of Ethanol in California Gasoline on 
Emissions”  Report to Renewable Fuels Association, Smog Reyes, CA. 

 



Attachment A 
 

Appendix G 
 

Carbon Monoxide Credit Estimation 
 

from 
 

Staff Report: Initial Statement of reasons, for the Proposed California Phase 3 
Reformulated Gasoline Regulations 

 
October, 1999



 



 



 



 



 



 



 
Page G7



 


