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EXECUTIVE SUMMARY

A OBJECTIVE

The objective of this study was to determine the effects of oxygenated fuels on regulated
emissions (hydrocarbons, HCs; carbon monoxide, CO; and oxides of nitrogen, NO,) and
unregulated emissions (speciated HCs, carbonyl compounds, and alcohols) from California
vehicles under summer and winter conditions. Both exhaust and evaporative test sequences were
included using a fleet of in-use, California emissions-certified vehicles drawn from a wide range of
emission control technologies. The test results obtained were examined statistically to address six
specific questions concerning the use of oxygenated fuels:

I. Do slight increases in NO, emissions offset the benefit of HC and CO reductions
attributable to the oxygenate?!

2

Do different vehicle technologies respond differently to the oxygenates?

How do the oxygenated fuel effects change with the driving cycle?

wa

What is the emission impact of splash blending of ethanol versus RVP match blending
of ethanol?

5. Do increased emissions of toxic materials due to the oxygenates offset reductions in the
regulated pollutants?!

6. What are the temperature and fuel blend season effects on emissions from the oxygen-
ated fuels?2

B. SCOPE

1. Vehicles. The thirteen California-certified vehicles used in the emission tests were all
obtained in California and met criteria specified by the ARB concerning odometer mileage and
condition of emission control equipment. To the maximum extent possible, the condition of the
vehicles represented actual in-use expectations. Key specifications of the vehicles are given in
Table 1. Additional information on the vehicles can be found in Appendix A.

2. Fuels. Summer (RVP 7.6 psi) and Winter (RVP 9.8 psi) sets of fuels were tested. Each
set consisted of a hydrocarbon base fuel plus four oxygenated blends. The oxygenates used were:
MTBE, ETBE, ethanol blended to match the target RVP, and splash-blended ethanol. The
oxygenate levels were 2.0 wt.% for Summer Fuels and 2.7 wt.% for Winter Fuels. In the
discussions below, the fuel variable (i.e., the type of oxygenate) in the testing matrix is referred to
as the "blend type". Similarly, "blend season" refers collectively to the Summer or Winter Fuel
Sets. Due to an RVP problem in the Original Winter Base, a new Winter Base was prepared.
ATL performed extensive chemical and vehicle testing in an attempt to verify that these fuels were

! The intent of this question is not to assess whether or not any increase in one pollutant is acceptable in view of a
decrease in another pothutant.

2 Fucl "blend season” means the difference between adding oxvgen to summer gasoline and adding oxvgen to
winter gasoline.
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Table | Key Specifications for the Vehicle Fleet

Veh. Miles Engine Fuel
No. Year. Make. Model (1.000s) cvi/disp.® Catalvst®™ Svstem®)
[ '90 Oldsmobile. Calais 16 423 TWC PF1
2 '85 Chevrolet, Blazer/S10 56 6/2.8 TWC  carburetor
3 '73 Oldsmobile, Cutlass 132 8/350 none  carburetor
4 '90 Mercury, Cougar 19 6/3.8 TWC PFI
5 '90 Honda, Accord 9 4/2.2 TWC PFI
6 '90 Dodge, Dynasty 27 6/3.0 TWC PFI
7  '83 Plymouth, Reliant 86 422 TWC  carburetor
8 '87 Ford, Escort 65 4/1.9 TWC PFI
9 86 Chevrolet, Cavalier 76 4/2.0 TWC TBI
10 '76 Ford, Granada 78 8/351 oxXy. carburetor
11 '84 Chrysler, New Yorker 101 8/318 TWC  carburetor
12 '78 Toyota, Celica 156 4/22 OXYy. carburetor
13 91 Ford. Taurus 5 6/3.0 TWC PFUFFV

(3) Number of cylinders/dispiaccment in liters {except for vehicles 3. 10 and 11 which are in cubic inches)
® TIHC: three-way catalyst: oxv.: oXidation catalyst

) PFI: port fuel injection: TBI: throtile body injection: both types of injection use adaptive learn-type
svstems. None of the carburcted vehicles had adaptive learn systems. EFF1™ flexible fuel vehicle capable
of operating on gasoline containing 0% to 85% methanol.

similar in composition and emissions effects. The new fuel was used only in the 50°F test matrix.
Fuel inspection data for all of the fuels are given in Table 3-1.

While considerable effort was made before vehicle testing to ensure that the Fuel Y (New
Base) had composition and emissions performance similar to the Fuel N (Original Base), statistical
analysis of the results of vehicle testing at 50°F indicates that exhaust emissions were significantly
different between Fuel Y and Fuel N for C 0. HC, NOx, benzene and acetaldehyde but were not
significantly different for estimated ozone production, formaldehyde and 1,3-butadiene. No
significant difference in the eight emission types could be found between Fuel X (Low RVP
Base)and Fuel N.

3. Exhaust Emissions Test Matrix. The data collected for the exhaust portion of the testing
included regulated mass emissions (HCs., CO and NOy), and unregulated speciated emissions
(HCs, alcohols. and aldehydes including specific toxic species). Speciated emissions were
measured on a sub-set of seven of the thirteen test vehicles. The driving cycles used were the
Federal Test Procedure (FTP), the Federal Highway Fuel Economy Test (HFET), and the New
York City Cycle (NYCC). The Winter Fuels were tested at 50°F and 75°F and the Summer fuels
were tested at 75°F and 95°F.



4. fvaporative Lmissions Test Matrix. For the evaporative emissions portion, diurnal
breathing loss and hot soak evaporative emissions tests were performed for the summer fuels at
75°F and 95°F and for the winter fuels at 75°F. HC speciation was performed for the same seven
vehicles for which exhaust speciation was performed. Alcohol speciation of the evaporative
emissions was included for the ethanol-containing fuels only. In addition, running loss tests with
hydrocarbon and alcohol (where applicable) speciation analysis were performed on six of the
thirteen vehicles using the summer fuels and a 95°F testing temperature.

5. Data Analysis Approach. The effects on the emission rates of the test design parameters,
including blend type, were determined by regression. The exhaust emissions data analyzed in
these regressions were the regulated mass emissions (HCs, CO and NO,) plus four specific toxic
species from the speciation analyses (formaldehyde, acetaldehyde, 1,3-butadiene, and benzene).
Emissions of about 120 other speciated HCs plus 7 carbonyl compounds and two alcohols
(methanol and ethanol) were not analyzed as individual species from the data analysis. However,
the speciation results were used to compute ozone forming potentials which were analyzed by
regression. Similarly for the evaporative emissions, the data included for regression analyses were
the total HC value, the ozone forming potential computed from the HC speciation data, and the
HC speciation data for benzene.

The major challenge of the data set analysis was to detect and estimate, with statistical signifi-
cance, oxygenate effects on the order of 20% when the emissions for the entire fleet ranged
across three orders of magnitude. This analysis was accomplished by modeling all effects with
class, also known as categorical, regression. Uncertainties were estimated by assigning three-
factor and higher order interactions, as well as main effects and two-factor interactions that were
shown to be not statistically significant, to error since true replicates were not available in the data
set.

For each emission type, an appropriate transformation of the measured values was chosen
based on an examination of residuals from a preliminary regression. Apparent outliers were
identified and investigated. The few that were confirmed as outliers were dropped from subse-
quent regressions. A regression model was developed to fit the emissions response of individual
vehicles taken as a group. The best individual vehicle regression model statement included sig-
nificant main effects and two-factor interactions and typically described the measured values with
an 12 of 0.95. To generalize the behavior of individual vehicles and to find the best vehicle tech-
nology descriptor, alternative vehicle technology models were evaluated by successively substitut-
ing technology descriptors into the best individual vehicle model. The model with the best fit of
the measured values was chosen as the best technological model. The size and statistical signifi-
cance of the effects of varying each parameter were examined to answer the objectives of the
study.

Effects have been deemed statistically significant if they are significant at the 95% confidence
level (i.e., there is a 5% chance that the actual effect of changing the parameter in question is
zero), which is the significance criterion used here. However, the reader must realize that the
particular levels of significance found in this study for the 13 vehicles tested does not imply the
same level of significance for corresponding effects in the real-world fleet. Nevertheless, it is
likely that the effects found significant at the 95% confidence level in this study may have
significance at some non-trivial level in the real-world fleet, and that the qualitative conclusions
probably can, with only a few exceptions, be cautiously extended to the real-world fleet.
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6. Limitations of the Study. Because this study addressed such a broad scope of experimental
parameters, it was inevitable that some of the limitations that had to be imposed on its experimen-
tal design might result in some limitations in the breadth and strength of the conclusions that can
be made from the resulting data. The main limitation, of course, was the size of the vehicle fleet.
A substantially larger vehicle fleet would have resulted in more vehicles within each emission
technology control group and, consequently, a more definitive statistical interpretation of the data.
For instance, the vehicle fleet contains only one non-catalyst vehicle, only two oxidation catalyst
vehicles, and only one throttle body injection vehicle. An additiona! limitation was that chemical
speciation of emissions was performed on only 7 of the 13 vehicles, and this subset contained only
one vehicle each in three of the four exhaust emission control technology groups (3-way catalyst
without adaptive learn, oxidation catalyst and non-catalyst). A limitation in the fuel matrix design
was that the two oxygenate levels, 7 0 and 2.7 wt.% oxygen, were associated with summer and
winter fuel, respectively, as were the two fuel volatilities, 7.6 psi for summer and 9.8 psi for
winter. Thus, the effects of oxygen content and fuel volatility cannot be separated in the data
obtained. The separate discussion here of these limitations is not intended to imply that this study
is in any way flawed. These limitations were necessary both to conform to budgetary constraints
as well as to define a practical size and scope for the study--thereby, insuring that the results
would be available in a reasonable amount of time. In the discussions that follow, effects of these
limitations in scope are noted where they impact the statistical significance issue.

C. RESULTS

For clarity and brevity, the discussion of test results is mostly restricted to the Summer Fuel
Set in this Executive Summary section. The data analysis clearly showed that there was essen-
tially no interaction between blend season and blend type, so no information is lost in focusing
here on the Summer Fuel Set results only. The absence of this interaction means that the emis-
sions response of the different oxygenate types was essentially the same at the different oxygen
levels and vapor pressure levels used in the test program. The only two study parameter differ-
ences between the blend seasons are vapor pressure and oxygen level. The fuels in the Winter Set
have a vapor pressure 2.2 psi greater than the Summer Set and a higher oxygen content at 2.7
wt.% oxygen for winter versus 2.0 wt.% for summer. The reader is directed to the full report for
details concerning the Winter Fuel Set test results.

The emissions were affected by several parameters; however, vehicle technology clearly
had the largest effect on emissions. The vehicle technology can be described by the vehicle's ex-
haust emission control technology, fuel induction type, engine displacement and canister bottom
design. Large variability of emissions among vehicles from the same technology category still
remained due to the idiosyncrasies of the individual vehicles.

1. Summary of Exhaust Emission Results. Measurement of the response of the exhaust
emissions of different technology vehicles to changes in oxygenate type was one of the goals of
this study. Exhaust emission control technology was found to be the most important technology
descriptor of exhaust emissions. Driving cycle and ambient temperature had significant effects on
emissions, but the type of oxygenate was found (within experimental and analysis uncertainty) to
have an influence on emissions that was independent of driving cycle, ambient temperature, and
blend season. Because of this independence, Table 2 has been designed to show the summary of
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the size and significance of the oxygenate effect on HC. CO, and NO, emissions in terms of the
four different types of exhaust emission control technology in this study: 3-way catalyst with
adaptive learning (TWC/AL, includes all fuel injected vehicles), 3-way catalyst without adaptive
learning, (TWC/NAL, includes all TWC vehicles with carburetors), oxy-catalyst, and non-
catalyst. Note that only the TWC/AL category has more than 3 vehicles in the group. The other
three technology groups have only a few vehicles per group.

Tabie 2 shows the estimated effect of adding 2.0% oxvgen as ETBE, MTBE, EtOH (matched
RVP), and EtOH/SB (splash blend) to the base non-oxygenated gasoline as the percent change in
emissions. If the change was found to be statistically significant at the 95% confidence level, the
value is in bold-face type in a larger size. Percents not in the large bold type are the measured
values with lower levels of confidence. Note that the NO, changes are relative to a base (non-
oxygenated) fuel emission rate of 1.0 g/mi. The direction of the changes in Table 2 for NO, are
independent of the size of the assumed baseline value, but the magnitude of the change is
dependent on the baseline value. Specifically, the percent changes in NOy for smaller baseline
emission values will be slightly larger depending on the baseline value. For an example of the use
of baseline emission values of NOy in this way, see the final paragraph under part 8 of Section C
("Specific Analysis Example for NO") of the Resuits and Discussion section. The percent
changes in HC and CO are independent of baseline emission values.

Figures 1, 2, and 3 provide a means of comparing the exhaust emissions responses for HC,
CO, and NO, of different oxygenates with each other, as well as with the base blend. These plots
show. for each combination of technology and blend type, the estimated effect relative to the base
biend plus or minus two standard errors of the mean. These error bars can be used to determine if
one oxygenated blend has a significantly different emissions response from a second blend, but
when making a comparison, only one set of error bars should be used. For example, if the aver-
age value of the second falls outside of the error bars for the first, then the emissions response of
the two blends are significantly different at the 95% confidence level.

Tabie 3 shows exhaust results for toxic compounds and the ozone forming potential of
hydrocarbons based on 1991 Carter reactivity factors. Note that the last three technologies are
represented by a single vehicle because the sub-set of seven speciated vehicles included only one
vehicle for each of them. Also, note that the percent changes for acetaldehyde and 1,3-butadiene
are based on a 10 mg/mi baseline value; the percent changes for other baseline values will be
slightly different.

2. Summary of Evaporative Emissions Results. Evaporative emission results for the Summer
Fuel Set are shown in Table 4. Measurement of the response of the evaporative emissions of
different technology vehicles to changes in oxygenate type was one of the goals of this study. The
fuel induction system technology was found to be the most important technology descriptor to
evaporative emissions. This apparent dependency on fuel system technology is probably mostly
related to vehicle age effects on the canister. Older vehicles always have reduced evaporative
canister capacity versus their new condition as well as rubber fuel system components that may
have become more permeable to fuel components with age. However, some of the emission rate
differences are logically attributable to the technology type since carburetor float bowls are an
inherently "open" design. Volatility and ambient temperature also had significant effects on
emissions.
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The type of oxygenate was found (within experimental and analysis uncertainty) to have an
influence on emissions that was independent of blend season and ambient temperature. Because
of this independence, Table 4 groups the effects of the oxygenates on the nine types of
evaporative emissions by the type of fuel induction system technology: carburetor and fuel-
injected. Note that the single throttle body vehicle was grouped with the multi-port vehicles and
considered as fuel-injected technology. Just as for Tables 2 and 3, Table 4 shows the estimated
effect in percent change in emissions of adding 2.0% oxygen (the Summer Fuel Set) as ETBE,
MTBE, EtOH (matched RVP), and EtOH/SB (splash blend) to the base non-oxygenated gasoline.

D. CONCLUSIONS

The conclusions related to the specific questions listed above in the sub-section, Objectives,
are the following:

Do slight increases in NO, emissions offset the benefit of HC and CO reductions attributable
10 the oxygenate? Although the word offset was originally used in the proposal, this study was
not designed or intended to be viewed as a trade-off of one emissions factor for another. Such an
evaluation implies an ability to quantify the air quality detriment of NO versus HC and CO. and
this type of evaluation was not within the present scope. The relationship found in this work
between the exhaust NO levels and the presence of oxygenates in the fuel is somewhat in dis-
agreement with the commonly held view that decreased HC and CO emissions with oxygenated
fuel are accompanied by an increase in NOy emissions. The present data, in most cases, show that
the oxygenates produced no significant change in NO, versus the non-oxygenated base fuel. The
only significant NO, emission rate changes versus the non-oxygenated fuel were vehicle tech-
nology dependent, and some of these differences were increases while others were decreases. As
shown in Table 2 and Figure 3, MTBE produced a significant NOy reduction of 10 percent (for
2.0% oxygen) for the TWC/AL technology. EtOH produced a significant NOy increase of 9
percent (for 2.0% oxygen) for TWC/NAL technology. ETBE and EtOH blends gave 13 and 17
percent NO, increases (for 2.0% oxygen) for the oxy-catalyst technology. Other than these cases
of small but statistically significant effects, oxygenates did not produce significant changes in NOy
emission rates.

Do different vehicle technologies respond differently to the oxygenates? For TWC/AL and
TWC/NAL vehicles, ETBE and MTBE blends had a consistent, noticeable, and sometimes
statistically significant tendency to produce lower exhaust emission levels than EtOH and
EtOH/SB blends for HC, CO, NO, estimated ozone production, benzene, acetaldehyde, and 1,3-
butadiene emissions. Significance was greater for the TWC vehicles with and without adaptive
learning possibly because a large number of vehicles were in those categories. For exhaust
formaldehyde emissions, the trend with blend type was the opposite; that is, ETBE and MTBE
produced higher formaldehyde levels than EtOH and EtOH/SB blends. Thus, this study seems to
indicate that vehicles do not respond to just the oxygen content of a blend, but the molecular
structure of the oxygenate also has an effect.

How do the oxvgenated fuel effects change with the driving cycle? Animportant finding with
respect to the driving cycles was the absence of a significant driving cycle/blend type interaction.
In other words, the effect of the oxygenated blends was independent of the driving cycle which
was used to test the vehicle; the percent change in emissions produced by a given oxygenated



blend was about the same for the FTP as for the other driving cycles in this study (NYCC,
HFET). Since the study did not use any of the recently proposed high load driving cycles, the
conclusion that the effects of blend type are independent of driving cycle may or may not apply to
high severity cycles or real-world driving behavior. '

What is the emission impact of splash blending of ethanol versus RVP match blending of
ethanol? For the exhaust HC, CO, and NO, emissions, Figures 1, 2, and 3 show that the ethanol
RVP matched blends usually gave lower emissions than the ethanol splash biends, but the differ-
ences were usually not statistically different. In the one case where the difference was significant,
for the TWC/AL group, the NO, from the splash biended fuel was about 6 percent higher than the
RVP matched blend (referenced to the 1.0 g/mi baseline level). Also, HC and CO emission rate
differences for vehicles with TWC/NAL were nearly significant at the 95% level with the splash
blend giving higher emission rates than the RVP matched blend. For evaporative emissions on
vehicles with fuel-injection, most blend-type effects were not significant. In one that was, the
splash blend gave 39% higher diurnal emissions than the RVP matched blend. For carbureted fuel
induction systems, evaporative emissions for the RVP matched blend were lower than for the
splash blend, as expected, but the differences were not significant at the 95% level.

Do increased emissions of toxic materials due to the oxygenates offset reductions in the
regulated pollutants? Similarly, as above for the NO increase issue, a quantitative treatment of
the "offsetting” issue was outside the scope of this work. However, the blend type and vehicle
technology impact on toxics emissions can be discussed here.

For all exhaust system technology groups except the oxidation catalyst, either three of the
four or all four of the oxygenated fuels gave significantly reduced exhaust benzene emissions,
ranging from 10% to 28%, versus the non-oxygenated fuel. ETBE produced the largest reduc-
tion of benzene emissions. Surprisingly, the oxidation catalyst vehicle produced increased ben-
zene levels for both the splash blend ethanol and for MTBE.

The only significant effect on formaldehyde emissions was found for the TWC/AL vehicles for
ETBE (29% increase) and for the single oxidation catalyst vehicle on MTBE (25% increase).
Both ETBE and MTBE tended to produce higher formaldehyde emissions than did the two
ethanot blends.

As expected, significantly increased acetaldehyde emissions were produced by ETBE, ethanol
and the ethanol splash blend for all four vehicle technology groups. However, the TWC/AL
technology showed increases of only about 25% (relative to a base level of 10 mg/mi), while the
other three technologies showed increases of acetaldehyde from 52 to 85% (relative to a base
level of 10 mg/mi). In contrast, MTBE did not produce a significant change in acetaldehyde.
These results are probably due to the presence of the ethoxy group in ETBE and EtOH and its
absence in MTBE.

The results of the 1,3-butadiene analysis are based on only one vehicle for each technology.
Three of the four speciated vehicles in the TWC/AL group gave 1,3-butadiene emission rates of
0.0000 g/mi (the method detection limit is about 0.0003 g/mi) for all test conditions except the
FTP cold starts. All three of these vehicles were equipped with multi-port fuel injection. The
fourth vehicle in the group (which gave non-zero 1,3-butadiene emissions) had throttle body
injection. This vehicle showed significant 1,3-butadiene reductions of about 12 percent for ETBE
and MTBE, but the EtOH and EtOH/SB reductions were not significant. The oxy-catalyst



vehicle showed a significant increase in 1.3-butadiene of 22% for EtOH/SB: other blends did not
show significant differences from the base blend.

What are the temperature and fuel blend season effects on emissions from the oxygenated
fuels? In general, under the ambient temperatures and vehicle technologies investigated in this
study, the following observations can be made:

« Exhaust emissions responded only weakly to seasonal blending parameters ( blending
stock and volatility). Summer blends gave significantly lower CO, HC, estimated
ozone production, formaidehyde and 1,3-butadiene emissions than the winter blends,
with decreases on the order of 8 to 14 percent. NOy, benzene, and acetaldehyde were
not significantly affected by the combined effect of these two blending parameters.

« Evaporative emissions for fuel-injected vehicles did not seem to be affected signifi-
cantly by oxygenated components relative to the base fuels. Ambient temperature had
large effects on evaporative emissions for these vehicles. A drop from 95 to 75°F
caused diurnal and hot-soak emissions to decrease by 30 to 60 percent. The seasonal
blending parameter (blending stock and volatility) did not seem to greatly affect
evaporative emissions for these vehicles.

« Evaporative emissions for carbureted vehicles were affected significantly relative to the
base fuels by oxygenated blend type, ambient temperature, and blending parameters
(blending stock and volatility). Ambient temperature had large effects on evaporative
emissions for these vehicles. A drop from 95 to 75°F caused diurnal and hot-soak
emissions to decrease from 20 to 75 percent. Summer blends had significantly lower
diurnal and hot-soak emissions than winter blends with decreases on the order of 25 to
57 percent for summer versus winter fuels of the same oxygenate type.

E. RECOMMENDATIONS

The resuits of the study indicated that only two parameters, individual vehicle characteristics
and vehicle technology type, influenced the changes in exhaust emission rates as a function of the
blend types (ETBE, MTBE, EtOH, and EtOH/SB). The cycles tested (FTP, FTP Bagl, FTP
Bag 2, FTP Bag 3, NYCC, and HFET) did not interact significantly with the effect of blend type.
Thus, any one cycle of these is sufficient to test the effect of blend type. Other parameters which
did not give strong interactions with the blend type are the test temperature and the blend season.
Thus. the first recommendation is that future work to refine the data base on the effects of these
oxygenates on vehicle emissions shouid focus on the two parameters which did strongly interact
with blend type: individual vehicle characteristics and vehicle technology type. This type of
experimental design would emphasize using a substantially greater number of in-use vehicles with
a minimum of five vehicles for each technology group and a limited set of testing conditions. In
addition, the small differences seen for blend season (Summer versus Winter which differed by
both RVP and wt.% oxygen) indicated that if future work needs to quantify the effect of small
variations in oxygen content for the same oxygenate, an even larger number of test vehicles may
be needed to achieve definitive conclusions from the data. The recommended test plan would also
include a partial replication scheme which would greatly assist in the statistical interpretation of
the data. Such a test design would result in data that is more representative of the vehicle popu-
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lation so that comparisons of blend type effects with the base fuel would be more reliable.

A second recommendation concerns extending the examination of the effect of fuel blend
types to driving cycles that are more severe than the ones used in this work. High load operation
such as that encountered during heavy acceleration or during driving up a grade usually puts
engines into a fuel enrichment mode which gives substantially different exhaust emissions results.
For example, recent work by General Motors (N.A. Kelly and P.J. Groblicki, "Real-World Emis-
sions from a Modern Production Vehicle Driven in Los Angeles,” General Motors Research Pub-
lication GMR-7858 EV-403, Warren, Michigan, 6 December 1992) indicates that CO emission
rates for the vehicle tested were 2500 times higher and that HC emission rates were 40 times
higher during enrichment operation than during non-enrichment operation. While the occurrence
of real-world high load operation is low, an enrichment:non-enrichment emission rate ratio for CO
of 2500:1 for the fleet would mean that the mobile source CO emission inventory has been sub-
stantially underestimated by current inventory models which are based on data taken with non-
enrichment cycles such as the FTP cycle (S. Kishan, T.H. DeFries, and C.G. Weyn, "A Study of
Light-Duty Driving Behavior: Application to Real-World Emission Inventories,” SAE 932659,
SAE Fuels and Lubricants Meeting, 18-21 October 1993). EPA has recently released study
results from its FTP Review Project in which these concerns regarding the impact on mobile
emissions modeling of severe driving cycles is a central focus ("EPA's Survey of In-Use Driving
Patterns: Implications for Mobile Source Emissions Inventories”, P. Enns, J. German and J.
Markey, U.S. EPA Office of Mobile Sources, Certification Division, Ann Arbor, Michigan,
released November, 1993).

Thus, because the effects of oxygenates on exhaust emissions during enriched operation may
be quite different from the effects observed in this work, we recommend testing with severe driv-
ing cycles to give enriched mode emissions. Temperature and blend season (RVP and percent
oxygen) should be included in the test program since their effects are unknown for enriched
operation.
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[. INTRODUCTION

The addition of oxygenates and other modifications in fuel chemistry has emerged in recent
years as an apparently attractive option for air quality planners to promote reductions in hydro-
carbon (HC) and carbon monoxide (CO) emissions from in-use vehicles. Existing data indicates
statistically significant reductions in HC and CO are achieved with the use of oxygenated fuels on
some vehicles. A number of questions remain, however, with regard to this option particularly as
applied to the specialized California vehicle population and climatic environment. These ques-
tions include:

* Do slight increases in oxides of nitrogen (NOy) emissions offset the benefits of HC and
CO reductions attributable to the oxygenate?

* Does a "splash" blend of ethanol with a higher RVP have greater emissions values than
a matched blend of ethanol in either a summer or winter environment?

» Does vehicle technology respond the same with the addition of different oxygenates
and other modifications in fuel chemistry?

* Are toxics generated by the use of oxygenates to an extent which offsets observed
reductions in regulated pollutants?

» What effects are noted over a wide range of vehicles at the moderate wintertime and
elevated summertime temperatures typical of Southern California?

»  What impact do driving patterns other than those represented by the FTP have on
emissions?

The California Air Resources Board (ARB) initiated a study on the effect of the use of low-
oxygenate gasoline blends on emissions from California vehicles. In support of this effort, the
Automotive Testing Laboratories (ATL), Inc. was contracted by ARB to measure the tailpipe and
evaporative emissions of a fleet of vehicles from the State of California. The objective of this
study was to determine the effects of oxygenated fuels on regulated emissions (HCs, CO and
NOy) and unregulated emissions (speciated HCs, carbonyl compounds, and alcohols). The driv-
ing cycles used were the high speed Federal Highway Fuel Economy Test (HFET), the moderate
speed Federal Test Procedure (FTP-city Cycle), and the low speed New York City Cycle
(NYCC). Both Running Loss and one hour Diurnal and Hot Soak evaporative emissions were
measured. HC speciation was performed to determine relative reactivity of both exhaust and
evaporative emissions. The test results obtained were examined statistically to address six specific
questions described above.

The vehicles tested included a cross section of past, current, and expected future emissions
control technologies. A flex-fuel vehicle was also included in the test vehicle sample. The base
test fuel was designed to represent a thorough cross section of the specifications anticipated for
future commercial availability in California in the winter and summer seasons. Ethanol, MTBE,
and ETBE oxygenates were added to these base stocks to produce additional test fuels,

The RFP for this study was released by the ARB on December, 1989. The vehicle testing was
performed at ATL's Ohio Lab (East Liberty, Ohio) except for the running loss tests which were



performed at ATL's Indiana Lab (New Carlisle, IN). Vehicle testing was completed in October,
1992. The data analysis was performed under subcontract by Radian Corp. (Austin, TX), and
was completed in the spring of 1993.



2. TEST VEHICLES

A. VEHICLE DESCRIPTION

Twelve vehicles representing General Motors, Ford, Chrysler and two Japanese manufacturers
were procured for this program. In addition, one flexible-fuel vehicle (FFV) was included. The
thirteen vehicles can be grouped in four emissions control technologies:

I. Seven vehicles with three-way catalyst and fuel injected adaptive learning-type man-
agement systems, this vehicle technology group is designated TWC/AL.

2. Three vehicles with three-way catalyst but without adaptive learning systems, desig-
nated TWC/NAL.

3. Two vehicles with oxidation catalyst.
4. One vehicle without a catalyst.

Six of these thirteen vehicles were equipped with multi-port fuel injection, one had throttle-
body injection, and six were carburetted. All vehicles except the FFV (supplied by ARB through
Ford) were purchased by ATL in California and verified as being California emissions certified.
The vehicles had between 5000 and 155,000 miles on the odometer and were in varying degrees
of mechanical worthiness. A complete description of each vehicle can be found in Appendix A.

B. VEHICLE MAINTENANCE

Care was taken over the course of this project to maintain the vehicle "as received” emissions
status. No maintenance was performed on the vehicles unless safety issues or marked emissions
changes were discovered. The only interruption in the vehicle testing activity was an 8 week
period between the completion of the 50°F test program and the start of the 75°F program. To
eliminate any layoff problems in the fleet, the entire fleet was subjected to mileage accumulation
prior to resumption of testing. Each week for eight weeks the vehicles were driven 10 miles. Just
prior to resumption of the testing, each vehicle was driven 50 miles at 55 miles per hour on the
Transportation Research Center (TRC) test track.






3. TEST FUELS

A. SPECIFICATIONS

The ten test fuels were obtained from the Phillips 66 Company, Borger, Texas. The five
winter fuels were blended from a common “winter base", and the five summer fuels were blended
from a separate, common "summer base". The specifications for these two base fuels were the
following:

Parameter Winter Base Summer Base
Aromatics, vol.% 34 39
RVP, psi 9802 7.6+02
Olefins, vol % 7.0 6.5
QOctane, (R+M)/72 87 to 90 87 t0 90
Distillation, °F

10% 110 127

50% 214 223

90% 334 335

F rom each of these base fuels. four additional oxygenated fuels were blended to produce
2.0 wt.% oxygen in the summer fuel set and 2.7 wt.% oxygen in the winter fuel set:

1. MTBE at 11 vol.% (summer) and 15 vol.% (winter)
2. ETBE at 12.7 vol.% (summer)and 17.2 vol.% (winter)

3. Ethanol at 5.7 vol.% (summer) and 7.75 vol. % (winter), match blended to the base
blend RVP specification

4. Ethanol as No. 3, but splash blended into the base fuel (aiready adjusted to RVP
specification) with up to 1.0 psi RVP increase allowed.

The aromatic and olefin content and distillation characteristics were allowed to fluctuate from
the respective base fuels with the oxygenate additions. The ethanol RVP match blend fuels
required that the base fuel blending stock be prepared below the target volatility so that the etha-
nol addition would not overshoot the respective RVP specifications. Thus, most of the fuels
required a final butane ad;ustment to achieve the target RVP. A summary of the fuel inspections
provided by Phillips is given in Table 3-1. The complete fuel inspection sheet for all fuels, as
supplied by Phillips, can be found in Appendix B. There are three winter base fuels shown in
Table 3-1. Fuel X and fuel N are identical except for the amount of butane and they reflect the
identical hydrocarbon stocks used for the winter oxygenated fuels. Fuel Y was prepared later in
an attempt to re-create fuel N. Details concerning these multiple winter base fuels are found in
the following sections.
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B UL STORAGE AND RUP MONITORING

All fuels were stored in and dispensed from an indoor facility maintained at 50°F. Drums of
fuel were either put on-line in the fuel storage building through a metering dispenser in the fueling
bay or were hand-pumped in the fuel storage building into containers for carrying to the vehicle.

Each drum of fuel was sampled for RVP determination when it was first opened and again at
the end of its use. The RVP was determined using a Grabner Model CCA-VPS vapor pressure
instrument using the ASTM D5191-91 method of sequential cooling to 0°C (in ice), venting, and
shaking to fully saturate the sample with air prior to RVP measurement. The equation used to
calculate RVP in psi units was:

RVP(Equivalent) = (0.965 x P(totaly) - 0.55

which is the one specified in Method D5191-91. The vapor pressures found for the fuel drum
monitoring are given in Table 3-2. It can be seen in Table 3-2 that the RVP of the Winter Base
fuel was about 0.6 psi below specification for the first four drums and initially for the fifth drum.
Results from the tests using this "low RVP" winter base are designated as fuel X, Table 3-1. This
below-specification RVP problem was discovered at the point of partial completion of the 75°F
tests. Butane was added to drums 5 through 8 to achieve an RVP of 9.7 psi, and the resulting
fuel was designated fuel N. All 75°F tests performed with the low (9.1 psi) winter base fuel X
were repeated with the RVP-adjusted fuel N. However, insufficient Winter Base fuel remained to
repeat all of the S50°F tests on that fuel, and the decision was made with the ARB to have the
supplier prepare a new Winter Base fuel for use in repeating the 50°F tests. This new winter base
fuel is designated fuel Y.

C. SPECIATION OF FUELS

The tmperfection in the Winter Base RVP led the ARB to question whether the summer and
winter fuel sets were, indeed, blended from respective common bases. To settle this issue, ATL
performed a GC speciation of ali 10 fuels, and the results are tabulated in Table 3-3. In order to
show most clearly the commonality of the blending bases, the relative amounts of the species in
Table 3-3 are expressed as percents of the non-butane non-oxygenate subtotal for each fuel. The
butane and MTBE/ETBE relative amounts are given as percents of the grand total for all species.
Ethanol speciation is not amenable to the hydrocarbon speciation method, and, therefore is not
listed in Table 3-3. These fuel speciation results clearly show that the winter and summer sets of
fuels did, indeed, come from respective common bases and, also, that fuel X, the "as received"
low RVP winter base, had a low RVP because the supplier had simply omitted the butane addition
for this fuel. The Table 3-3 speciation results are tabulated in terms of percent of total peak
height values. These values, because they are based on peak height rather than peak area, should
not be taken as a reflection of the percent of total carbon in the fuel represented by each species.
However, because the Table 3-3 data were all obtained on the same GC instrument over a 2-day
period, the data are completely appropriate for evaluating whether each fuel of a given set is,
indeed, derived from a common base.
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Table 3-3. Speciation Summary for Fucts

Percent of Total GC Peak Height {Omitting Butanc and Oxvecnates*)

Summer Fuels

. Winter Fuels

Specics (1).5% of Total or Greatery MTBE ETBE  ELOH EtOH/S  Base Basc MTBE ETBE EtOH EtOH/S
n-Butane (1) 248 2.1 0492 1.79 2.57 0.68 0.84 3.01 1.77 2.04
2-Mcthyibutane ([sopentanc) 1330 1252 1204 12,14 1531 3322 2991 3209 2802 2970
n-Pentane 228 220 213 228 221 269 246 258 28] 298
t-2-Pentenc 0.56 0.55 048 0.54 0.66 0.70 0.60 .69 0.82 0.87
2-Methyl-2-butenc 0.97 0.94 0.85 .91 1.12 1.17 100 1.13 1.35 1.38
2.2-Dimcthyvlbutanc 3401 297 28] 2.82 2.30 0.14 0.12 0.13 0.17 0.16
MTBE (1) 10.02 0.00 0.00 0.00 0.00 0.00 (2) G.00 0.00 0.00
2,3-Dimcthyibutane 0.00 3.01 294 294 2,46 0.45 2) 0.46 0.53 0.52
2-MePentane & 4-Me-c-2-Pentene 992 9.89 9.66 949 3.19 2.18 ) 2.20 2.52 2.56
3-Methyipentane +.96 +4.87 +.67 4.76 4.18 1.49 1.48 1.51 1.69 1.69
2-Methyl-1-pentene & 1-Hexenc 2.43 234 233 2306 1.93 027 027 027 029 0.30
n-Hexane 1.73 1.67 1.77 1.72 1.61 111 1.06 1.13 1.27 1.27
ETBE (1) 000 1015 0.00 0.00 0.00 000 10.58 0.00 0.00 0.00
Methyicyclopentane 0.73 0.70 0.78 0.70 0.80 0.81 0.76 0.78 0.93 0.93
Benzene 1.79 1.77 1.74 1.74 1.70 1.59 1.50 1.60 1.86 1.84
2-Methyvlhexane 259 252 2.52 2.49 2.43 2.64 230 265 3.08 3.03
2.3-Dimethylpcniane 0.83 0.80 0.94 0.91 0.78 0.88 0.85 0.88 1.00 0.99
3-Methylhexane & cyclohexenc 298 296 290 286 279 294 284 299 3.54 3.51
n-Heptane 2.06 1.98 204 2.01 1.87 2.00 1.91 323 249 234
Toluene & 2.3.3-Trimethylpentane 9.24 9.21 9.00 8.99 8.72 6.94 6.43 6.85 7.60 7.67
2-Methviheptane 0.69 0.68 .69 0.67 0.70 0.62 0.58 0.60 0.71 0.68
3-Methylheptane 0.82 0.79 0.81 0.79 0.81 0.71 .68 0.71 0.80 0.77
n-Octane 0.58 0.55 0.56 0.56 .56 0.47 0.44 0.47 0.53 0.52
Ethvibenzene 313 3.66 3.70 3.63 3.48 257 248 260 286 2.86
meta- & para-Xvlenes 5.65 5.52 5.64 5.60 544 4.22 +.10 4.23 4,64 +4.52
ortho-Xvlene 300 295 301 3.00 292 233 230 238 246 240
n-Propylbenzene 090 086 091 039  0.86 072 072 075 o7 0.72
1-Methyl-3-Ethvlbenzene 243 238 247 245 235 1.97 194 202 2.03 203
1-Methyl-4-Ethyibenzene 1.10 1.08 1.08 1.08 1.05 0.88 0.84 0.87 0.90 (.89
1.3.5-Trimethyibenzenc 1.11 1.04 LI3 1.11 1.06 09 088 093 094 0.93
1-Ethyl-2-Methylbenzene 0.82 0.80 0.78 0.79 0.75 0.67 0.61 0.64 0.69 (.66
1.2.4-TriMeBenz & tert-Butvlbenz 3.19 3.07 3.13 3.22 3.13 2.68 2.58 2,59 2.76 2,63
1.2.3-Trimethvlbenzene 063 060 064 062  06] 052 052 053 054 052
I-Methyl-3-Propyvibenzenc 052 050 050 052 0S] 045 043 042 045 044
1.4-Diethylbenzene 0.57 05 060 060 0.59 052 052 050 052 05
Total (omit butane. oxv. cpds .} 85 86 85 85 84 81 73 81 32 83

(1) The percent carbon vaiucs given for butane. MTBE and ETBE refer to the total of ail species (excepl

cthanol).

(2) Data not available duc to peak tailing of the MTBE peak.



D. VALIDATION OF THE SE.COND BLEND OF WINTIR BASE FULEL

A new Winter Base, Fuel Y, was blended by Phillips to enable the re-testing at S0°F of all
vehicles. The goal for this new Winter Base blend was not only to meet all the specifications of
the original Winter Base, but to duplicate the original Winter Base fuel as exactly as possible,
species by species. Therefore, ATL worked closely with Phillips by performing speciation analy-
sis on several potential blending stocks as well as several intermediate trial blends. The fourth
trial blend matched the main speciation characteristics closely and, after some fine tuning, the new
Winter Base was blended from that formulation. A speciation comparison of the original Winter
Base, Fuel X, and the new Winter Base, Fuel Y, is given in Table 3-4.

In addition to the chemical verification of the duplicate Winter Base fuel, a vehicle-based
comparison was also conducted. Original formulation Winter ETBE fuel in previously unopened
drums was used for this purpose. Reagent ETBE was obtained from Phillips and blended with the
new Winter Base fuel at 17.2 vol.% to produce a comparison "new" Winter ETBE fuel. The
ETBE Winter Fuel was chosen for two reasons: 1). It remained in adequate supply as the original
Winter Base type, and 2). The addition of ETBE has almost no effect on the RVP of a normal
gasoline, so the "old" and "new" Winter ETBE fuels would be identical in regard toc RVP. These
two "old base" and "new base" fuels were used with two of the more "stable" (with regard to
tailpipe emissions) vehicles in triplicate FTP tests (non-speciated) to assess whether the "new"
Winter Base was equivalent to the original Winter Base with respect to the exhaust mass emis-
sions obtained. The exhaust emission results for this comparison test series are shown in Table 3-
5. While triplicate tests do not enable a definitive statistical comparison, the variances (standard
deviations) found do give some indication of whether observed differences are real. We do not
believe that there are any significant differences in the emissions values between those of the new
Winter Base and those that would have been obtained from the original Winter Base with the
correct RVP.
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Table 3-5. Comparison of 75°F Mass Emissions Using ETBE Fuel
Preparcd from "Original” and "New” Winter Base Fuel.

Mass Emission Values, granymile or miles/gal.

Test Fuel FTP Composile HFET NYCC
Daic Basc HC CO NOx MPG HC CO NOx MPG HC CO NOx MPG

90 Honda Accord (Veh. 5)
1-24  Orig. (D 0181 323 040 2436 0041 041 0111 37.4 034 8.1 098 12.9

9-1  Orig. 0158 272 03y 2508 0027 094 0099 37.0 046 136 076 13.4

v-2  Orig. 0148 251 039 2503 0026 063 0128 376 0.23 88 060 13.0

9-4 Ong. 0.15¢ 265 033 2539 0.033 109 0102 39.1 0.34 81 098 12.9

meanof 3 ©0.155 263 037 2517 0029 089 0110 379 034 102 078 13.1

std. dev. 0.005 0.09 0.03 0.16 0.003 0.19  0.013 09 0.10 2.4 0.16 0.2

%RSD 3 3 3 0.6 ki 22 12 2 28 24 20 1.7

99  New 0.171 2,65 (.40 250 036 1.26 012 37.0 0.76 108 0.99 13.0

9-10  New 0163 219 041 25.5 0024 044 017 37.6 079 120 085 14.1

9-11  New 0.181 2.84 0.45 25.6 1.021 0.33 0.13 37.7 0.97 147 087 13.5

meanof3 ©.172 236 042 25.4 0.027 074 014 374 084 125 090 13.5

std. dev. 0.007 0.27 0.02 03 0.006 0.37 0.02 0.3 0.09 1.6 0.06 a3

%RSD 4 11 5 1.2 24 49 17 0.8 11 13 7 3

44Dif. vs. Orig. 11 -3 14 i -6 -16 26 -1 144 23 15 3
90 Dodge Dynasty (Veh. 6)

2-24 Orig. (1) g6l 520 0412 2142 007 114 0092 336 0.37 77 065 1124
9-1 Orig. 0.77 381 0350 2123 0.22 291 0.097 36.0 5.11 13.9 1.03 10.99
9-3 Orig. 057 433 0386 2161 010 181 0111 342 3.89 210 101 11.03
9-4 Orig. 063 361 0365 21386 0.10 184 0170 341 135 166 096 11.08

mean of 3 065 392 0367 2157 014 219 0.126 48 345 172 100 11.0298

std. dev. 008 030 0015 0.206 006 051 0032 0.8 0.50 29 003 0.04
%RSD 13 8 4 1.2 40 23 25 2.4 i1 17 3 03

9-9 New 065 329 0351 2163 0.102 189 0114  33.09 509 113 114 10935
9-10 New 0.67 388 0290 2144 0114 204 0116 3300 439 M3 079 1097
9-14 New 076 438 0348 2144 0121 219 0097 32388 536 1534 095 1020

mean of 3 0.70 385 0330 2150 0112 2.04 0109 3299 495 137 096 10.71

std. dev. 005 045 0.028 0.09 0.008 .12 0009 0.09 0.41 1.7 014 0.36
%RSD 7 12 9 04 7 6 8 03 3 13 15 3
%Dif. vs, Orig. 7 -2 -10 0 =21 -7 -13 -5 11 -20 -4 -3

) (1) This test is the one performed in the matrix with the other 75°F tests. It is included for comparison purposes but is not included in the
means and standard deviations.
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4. TEST PROCEDURES

A. TEST CELL EQUIPMENT

Exhaust emission equipment consisted of a Horiba CDC-9000 twin 20 inch roll, 150 hp, elec-
tric dynamometer. A six-bag Horiba CVS-46 constant volume sampler (CVS), operating at a
nominal flow of 325 cfm, was used to collect diluted tailpipe samples. The CVS had been modi-
fied to permit automatic purge and leak checks of each bag prior to use. Dilute sample tempera-
tures were maintained at 110 £10°F during the test. The drivers aid was a Horiba SADA 2040
with programmed driving cycles including the FTP, HFET, and NYCC. A Hartzell Model
N24DW, fixed-speed cooling fan of 5300-CFM capacity was used in front of the vehicle during
the tests. Vehicle hoods were maintained fully open during the Urban Dynamometer Driving
Schedule (UDDS) cycles and were closed during the 10 minute soak period.

All FTP evaporative emission tests were conducted using a Sealed Housing for Evaporative
Determination (SHED) constructed to meet CFR 40, Section 86,107 requirements. The total
evaporative hydrocarbon emission analyses were conducted using a Beckman Model 400 FID
analyzer. Evaporative tests were conducted in two phases: Diurnal Breathing Loss (DBL) to
simulate HC losses as fuel temperatures increase from night to day, and Hot Soak (HS) to simu-
late HC losses after a road-use vehicle has been parked. Evaporative testing variations centered
on non-certification SHED temperatures (DBL & HS) and DBL fuel temperature ranges. The
diurnal temperature ramp for the 75°F tests followed the standard 60° to 84°F profile, while the
95°F tests were 80° to 104°F over a 60 minute period. During the diurnal tests, a heat source on
the fuel tank was used to raise the temperature of the fuel to the starting diurnal temperature. It
continued to provide heat to maintain the fuel temperature ramp of 0.4°F per minute for one hour
with a + 3°F tolerance. Hot Soak enclosure temperatures for the 75°F tests were initially set to
75°F but this temperature was not maintained throughout the test. For the 95°F tests, the initial
temperature was 95°F and was maintained at that temperature throughout the one hour test
sequence.

Evaporative Running Loss emission tests were performed in a SHED enclosure equipped with
a standard Clayton ECE-50 twin roll dynamometer. The direct drive flywheel equipped dyno was
capable of inertia selections from 1000 to 6875 pounds in 125 pound increments. The SHED
volume (5670 ft3) was approximately twice the capacity of a conventional €vaporative emission
enclosure. Combustion air was provided directly to the operating vehicle engine from outside of
the enclosure. Engine exhaust was routed from the vehicle to the outside of the enclosure into a
CVS. The base enclosure was fabricated to meet proposed vehicle certification specifications for
evaporative emission testing, including standard temperature measurements. Additional air han-
dling and cooling were added to manage the additional heat load from the operating vehicle and
to permit testing at elevated temperatures (95°-105°F). Additional analyzers (CO and CO,) were
added to monitor the enclosure for vehicle exhaust leaks during the tests.

Enclosure cooling was provided by a main chilled water to air heat exchanger which was sup-
plemented by three small auxillary air conditioning units equipped with Freon to air heat exchang-
ers. The three small air conditioning units were staged at 1/2° intervals. The lower individual
capacity of each of the small three air conditioning units reduced the total breathing of the enclo-
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sure compared with the larger temperature cycle observed with a single, higher capacity unit. The
air conditioner fans ran continuously to mix the enclosed air. A standard 5300 CFM Hartzell fan
was used to provide under-hood cooling. A variable speed blower was used for under vehicle and
fuel tank temperature control. Fuel heating was provided by a convection heater/blower which
was directed to the bottom surface of the vehicle fuel tank. Fuel heating was controlled automati-
cally by a programmable temperature achiever. Electronic resistance heaters were used to elevate
the enclosure to 95°F for the start of the test. Vehicle heat (with cooling as required) was used to
maintain the elevated temperatures inside the enclosure.

Enclosure propane background, calibration, and retention checks were performed in accor-
dance with CFR requirements (CFR, Title 40, Part 86, Subpart B Section 86.117-78, "Evapora-
tive Emissions Enclosure Calibrations"), except that the retention standard was set at a maximum
loss of 5% in a one hour period at 95°F with all fans, air conditioners, and blowers running.

B. TEST METHODS

The vehicle test procedure (except for Running Loss) is shown in Figure 4-1. Canister capac-
ity was determined for each vehicle (as received) prior to each test initiation. This procedure
consisted of:

1. Purge the canister with ambient air at the vehicle's average purge flow rate
2. Fill it to capacity as defined below with butane
3. Measure weight gain

The average canister purge rate was determined for each vehicle by taking a four mile round
trip with a rotometer connected in series with the canister purge line. This information was estab-
lished so that laboratory canister capacity determination reflected actual vehicle operation. This
flow rate was used throughout the program. Canister weight was monitored every five minutes
and was considered fully purged when a change of less than one gram was noted in a five minute
interval. The canister was then loaded with a 50/50 mixture of pressurized butane/air at the rate
of 1.0 g/min butane. The canister was weighed at one minute intervals and considered saturated
when the rate of change was less than 0.25 g/min. The capacity was calculated as the difference
between the saturated weight and the purged weight. This process was repeated until two con-
secutive butane capacities agreed within two grams. The canister capacity was taken as the
average of these two values. :

All test vehicles were evaluated using a modified form of the Federal Test Procedure (CFR,
Title 40, Part 86, Subpart B, Section 86.101-145, sections applicable to light-duty vehicles). The
FTP consists of an UDDS preconditioning; overnight soak period; diurnal breathing loss (DBL);
exhaust emissions test over cold transient, stabilized, and hot transient segments (bags 1, 2, and
3); and a hot soak (HS) test. Principle variations to the FTP procedures were in ambient testing
temperatures, preconditioning, DBL and HS, which are described below. Also, a double HFET
and NYCC test as defined above followed the FTP.

The modified preconditioning procedures were:

1. Canister purge

13



Figure 4-1.

VEHICLE TEST SEQUENCE

"

VEHICLE PRECONDITIONING

PURGE NAD LOAD CANISTER WITH TEST FUEL VAPOR

PURGE CANISTER
DRAIN AND FILL WITH 3 GALLONS OF INDOLENE
TEN MILE RCAD TRIP

DRAIN AND 40% FILL WITH NEXT DAYS TEST FUEL
TEN MILE ROAD TRIP
UDDS PRECONDITIONING CYCLE

SOAK AT TEST TEMP (50. 75, 95 deg F) OVERNIGHT

Y

!

l 50 DEGREE TEST SEQUENCE 75 AND ¢5 DEGREE TEST SEQUENCE

T

Y

!

SPECIATE VEHICLES SPECIATE VEMHICLES
1-2-3-4-6-9-12 1-2-3-4-6-9-12

Y

Y

[

75 FTP DBL
HFET 75 FTP
NYCC %
% HS
TEST SEQUENCE COMPLETED HFET
el ————— |
GO TO NEXT FUEL
NYCC
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3

Canister loaded with Indolene' vapors

3 Drain and fill with 3 gallons Indolene®

4. Operate vehicle for 10 miles on road

5. Canister purged and loaded with test fuel vapors to 100% of the butane mass capacity
6. Drain and add a 40% fill of test fuel

7. Operate vehicle for 10 miles on road

8. Drive on dyno through a UDDS prep cycle

9. Soak at 50, 75 or 95°F, overnight

Regulated emissions testing (HC, CO, & NOy) was conducted on all prescribed fuels and
vehicles. Non-regulated exhaust FTP & NYCC speciation of hydrocarbons, aldehydes, alcohols,
and ketones were performed on all fuels and temperatures, but only on selected vehicles.

For the S0°F test sequence, the vehicle was moved directly from soak at 50°F to the test cell
for the initiation of the exhaust FTP, HFET and NYCC. After the soak period for the 75° and
95°F sequences, an additional fuel tank drain and 40% fill of fresh test fuel was performed fol-
lowed with an evaporative FTP (DBL), a sampled exhaust FTP, an evaporative FTP (HS), a
HFET and finished with a hot start NYCC, Figure 4-1.

The diurnal temperature ramp for the 75°F tests followed the standard 60° to 84°F profile,
while the 95°F tests temperature ramp was from 80° to 104°F over a 60 minute period. Hydro-
carbon levels were recorded continuously during the Diurnal and Hot Soak tests. SHED enclo-
sure speciation was performed for seven of the thirteen vehicles on all fuels. The samples were
collected in 100-liter Tedlar® bags at the start and end of each SHED segment. These bags were
analyzed for hydrocarbons, and alcohols (ethanol fuels only) as described under the speciation
procedures.

Exhaust HFET speciation tests were only performed at the 50° and 75°F temperatures. Four
exhaust FTP speciation samples were taken from the CVS Tedlar® bag samples 1, 2, 3 and
background sample 2. The speciated samples for the NYCC and HFET cycles consisted of one
test sample and a background sample. They were analyzed using a Varian 3600 dual column GC
system. Impinged alcohol and aldehydes samples were analyzed by the GC and HPL.C procedures
described under speciation.

C. RUNNING LOSS PROCEDURES

The 95°F Running Loss consisted of three UDDS driving cycles separated by 2-minute soak
periods. Canisters were loaded with butane from a purge-down status to achieve a final loaded
weight determined for each vehicle as follows: a fresh 40% fill of Summer Base (Fuel M), a
UDDS preconditioning was performed followed by a one-hour soak with the vehicle hood down
and the key off. A second UDDS cycle was run, followed by another one-hour soak. The canis-
ter was removed from the vehicle at the end of the second hot soak and weighed, and this total
canister weight was defined as the largest weight for butane loading.
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Preconditioning for each test was:
1. Drain and 40% fill with fresh test fuel

. Canister weight adjusted with butane to reference value

to

3. Drtve on dyno through a UDDS prep cycle
4. Soak overnight at 95°F

Following the overnight soak, the vehicle was pushed into the running loss enclosure. Initial HC
levels in the sealed enclosure were recorded when the CVS exhaust emission bag sampling began.
Three UDDS cycles were run with 120-second idles between each cycle. Samples were taken at
the beginning and end of each cycle for a total of six data points.

D. TEST MATRICES

The tests were performed at three temperatures: 50°, 75°, and 95°F. All tests of a given tem-
perature were performed at the same time (i.e., all fuels and vehicles were tested at SO° before the

75° or 95°F tests were started). The order of testing at a given temperature was randomized for
the fuel/vehicle combinations.

The 50°F testing consisted of the six winter fuels and thirteen vehicles. One vehicle was also
tested on Indolene®. The fuel/vehicle matrix in Table 4-1 represented 66 test sequences consist-
ing of sampled exhaust FTP, HFET, and NYCC. The sequence also included complete hydrocar-
bon, aldehyde, and alcohol speciation on seven of the test vehicles.

The 75°F testing included all thirteen vehicles with the six Winter-Based fuels, the five
Summer-Based fuels and Auto/Oil RF-A. The fuel/vehicle matrix in Table 4-2 represented 144
test sequences (13 vehicles x 11 fuels + 1 vehicle x 1 fuel) consisting of sampled exhaust and
evaporative FTP, HFET, and NYCC. The sequence included complete hydrocarbon, aldehyde
and aicohol speciation on seven of the test vehicles.

The 95°F testing matrix Table 4-3 was identical to the S0°F matrix except it used the five
summer based fuels. Again, one of the vehicles was tested on Indolene® making a total of 66
tests.

The 95°F running loss tests were completed on six vehicles and five summer based fuels along
with RF-A. The fuel/vehicle matrix in Table 4-3 represented 37 running loss tests {(6 vehicles x
6 fuels) + (1 vehicle x 1 fuel)}. Hydrocarbon speciation was performed on all 37 tests. and
alcohol speciation was performed on the 12 tests with ethanol fuels.

E. SPECIATION PROCEDURES

Three identically equipped Varian 3600 GCs were used for HC Speciation. Each GC was
equipped with two Valco valve injectors; two DB-1, 60m x 0.32mm, 1 pm film, capillary columns
(J&W %123-1063); and two FID detectors. Samples were collected in 50-100 liter Tedlar® bags
from the FTP phases, FTP phase 2 background. diurnal heat build, heat loss and running loss
samples and backgrounds. Two bag samples were simultaneously injected and analyzed in a
timely manner to minimize the formation of degradation products. The gas samples were trans-
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ferred to the GC injector valve using a stainless steel bellows pump, providing sample to the injec-
tor valve at a controlled pressure. Data processing was facilitated with a Varian Star chromatog-
raphy data system. Fuel speciation was performed identically to the exhaust hydrocarbons spe-
ciation except the sample was prepared by injecting fuel into a septum-equipped Tedlar® bag
containing zero-grade nitrogen (about 0.3 pl fuel per liter of nitrogen).

On January 1, 1992, the GC injectors were modified and the temperature gradient changed to
give better peak separation and more efficient analysis. Correlation data indicated the new and
old methods gave essentially identical speciation results and the same detection limits of approxi-
mately 50 ppbC which corresponds to about 0.6 mg/mi for species of formula (C1H; g5)y. All
fuel speciation was conducted with the post-January | conditions. The GC parameters affected
by this change are the following:

Pre-Jan. 1 Post-Jan. 1
Loop Size, uL 500 100
Split Ratio 10:1 none
Injector Temp., °C 150 150
Detector Temp. °C 300 250
Column Head Pressure (psi) 12 17
SS Sample Pump Pressure (psi) 9 17
Oven Program
Initial Temp, °C -60 -38
Initial Hold Time (min,) 6 35
Ramp #1 (°/min.) 5 15
Temp #1, °C 110 0
Ramp #2 (°/min.) 7 10
Temp #2, °C 232 50
Hold Time (min.) 4 0
Ramp #3 (°/min.) - 3.7
Temp #3, °C - 172
Ramp #4 (°/min.) - 25
Temp #4, °C - 220
Hold Time (min.) - 3
Total Elution Time (min.) 62 49

Each day, a 21 component mix gas standard (3 to 9 ppmC, each component) was analyzed as
a quality control check on the operating conditions. This gas standard was made by Scott
Specialty Gases as per a specification of the Coordinating Research Council. Whenever this daily
performance check chromatogram indicated an instrument malfunction, that GC was taken off line
and corrected. A set of daily peak height calibration coefficients were generated and used for that
day's sample calculations.

The aldehyde/ketone and alcohol components were collected by flowing 29-52 liters of the
diluted gas stream from the CVS sampler through two impinger flasks, connected in series, held at
0°C in an ice bath. The sampled CVS gas was impinged at a flow rate of 3.5 liters/min through
each sampler containing 30 ml of impinger fluid. The aldehyde-/ketone impinger fluid was a solu-
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tion of 2.4 dinitrophenylhydrazine (2,4-DNPH) in acetonitrile (0.04% w/v) with two drops of IN
perchloric acid added to catalyze the formation of the 2.4-DNPH derivative. The alcohol im-
pinger fluid was HPLC grade water.

High pressure liquid chromatographic ( HPLC) analysis of aldehydes and ketones were per-
formed on a Spectra Physics SP8800 HPLC ternary gradient system equipped with a Varian
SP4400 data integrator and a Spectra Physics SP8875 autosampler with a 20 pL loop. The
HPLC column was an ODS 4.6mm X 22cm, Spum column (Rainin #0DS-224) with a solvent flow
of 1.0 mU/min at ambient temperature. The elutants were detected at 360nm using a Spectra
Physics SP200 variable wavelength detector. On May 20, 1992, a new solvent gradient program
was initiated reducing the injection time and sotvent consumption. Correlation data indicated the
new and old methods gave essentially identical speciation results and the same detection limits of
about 2.5 ppbV in the diluted exhaust gas. This corresponds to about 0.2 mg of formaldehyde per
mile for a bag | phase. The solvent gradient conditions were the following:

Volume Percent
Water Acetonitrile  Methanol

Pre-Mar. 20
Initial 40 27 33
15 min. 0 5 95
19 min, 0 5 95
20 min. 40 27 33
26 min. 40 27 33

Post-Mar. 20
initial 30 43 27
5 min. 15 40 45
8 min. 0 5 95
10 min. 0 5 95
12 min. 30 43 27
15 min. 30 43 27

The sample from each impinger in the paired series was analyzed separately by HPLC and the
results combined for the total analyte. A standard nine component mix of aldehyde and ketone
DNPH derivatives was analyzed before and after each test set and the average response factors
from the two standards were used to quantify the test data.

The alcohol samples were analyzed using a Varian 3600 GC equipped with a Varian 8035
autosampler, an FID detector and a DB-1, 30m x 0.53mm, 5 um film, capillary column (J&W
4#125-1035). The instrument conditions are as follows:

Injector Temp. 150°C.
Detector Temp. 250°C.
Injection Volume 0.5ul
Oven Program
Initial Temp. 60°C.
Initial Hold Time (min.} 2
Ramp (°/min.) 10
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Final Temp. 100°C.
Total Elution Time (min.) 6

An internal standard (1.0 mt of 104 ppm | 4-dioxane, Aldrich #29,630-9) was added to each
of the tandem impinger samples which were analyzed separately by GC. The analyte concentra-
tion was determined by the internal standard method using response factors from the analysis of
standards. The results from the two tandem impingers were combined for the total analyte.

All of the speciation data was reduced in a similar fashion. The raw chromatograms and raw
peak detection reports were generated by a specific data integrator. Text files of the peak detec-
tion results were transmitted to a host computer where peak matching software was applied for
initial peak identification. Data clerks inspected these peak assignments in every chromatogram
for correct analyte identification and quantitation. Peak height was used for hydrocarbon and
aldehyde/ketone speciation and peak area was used for alcohol speciation. The chromatographic
results after final QA inspection were electronically copied to a calculating template, put in
spreadsheet form, and the final results reported in hardcopy and electronic format.
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5. RESULTS AND DISCUSSION

The Results and Discussion section is divided into five parts. Part A describes the character-
istics of the database. This includes the structure of the database, descriptions of the vehicles and
fuels, and preparation of the data for analysis. Part B describes the objectives and logic of the
analysis effort and the general data analysis approach which was used to investigate the database.
Also, the general techniques and technical terms which are used throughout the analysis sections
are presented. In Part C, examples of specific techniques that were used repeatedly are described
in detail using the analysis of the NOy trends as an example. Part D and Part E present the evalu-
ations of exhaust emissions and evaporative emissions, respectively. These sections include
regression analysis, as well as general description of the data.

A. CHARACTERIZATION OF THE DATABASE

To assist in the organization and analysis of the data, a SAS database was created. The data
was organized into seven SAS data files, which serve as the database for this project. Table 5-1
shows the organization of the database. The SAS database was also transformed into a database
made up of seven ASCII files, which have been provided to the California Air Resources Board.

The FLEET file gives the descriptions of the 13 vehicles in the test fleet. The contents of this
file are shown in Table 5-2. The vehicle information in this file is merged with the other informa-
tion in the other six files using the VEHID vehicle identifier. The special features of these vehi-
cles are discussed in detail later.

The FUEL file describes the 14 test fuels used in the study. The contents of this file are the
first seven columns of Table 5-3. The FUELID is the fuel identifier used to merge the fuel
descriptions in this file with the other files in the database. The oxygen content and RVP values
given in the fuel file are approximates only, the measured values are given in Section 3. The
special features of this fuel set are discussed in detail later.

The remaining five files use TEMP, VEHID, TESTDATE, and FUELID as test descriptors to
connect the various database files. The CYCLE file has 328 observations and contains the results
for total emissions measurements for diurnal and hot-soak evaporative emissions and exhaust
emissions for FTP, HFET, and NYCC driving cycles. The RUNLOSS file contains the total run-
ning loss results for the six bags of each test. The RUNLOSS file has 37 observations. The
FTPBAG file contains the total emission results for each of the three bags of the FTP cycle. The
FTPBAG file has 305 observations. The EXHSPEC file contains the speciation results for the
seven vehicles where the exhaust emissions were speciated. The EXHSPEC file has 25,211
observations. The EVAPSPEC file contains the speciated emissions results for the diurnal, hot-
soak, and running loss tests. The EVAPSPEC file has 16,080 observations. The EXHSPEC and
EVAPSPEC files have, for each test condition, 144 observations corresponding to each of the gas
chromatography peaks or other analyses used to perform the speciation.

1. Vehicle Descriptions. Descriptions of the 13 test vehicles are given in Table 5-2. Each
vehicle can be described by the following five parameters:

+ Vehicle number (VEHID),
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o Fuel induction system type (FUELSYS),

» Exhaust emissions system technology {EMSTECH),
» Engine displacement (DISP), and

» Canister bottom désign (CNSTR).

It is well known that the emissions behavior of different vehicles is different even within gen-
eral classifications of vehicle technology. Nevertheless. one of the goals of this study is the clas-
sification of vehicles by some measure of technology which can be used to describe, in a more
general fashion, the response of vehicles to oxygenate blends.

A statistical impediment to the technological classification of vehicles is the fact that different
technological descriptions of vehicles are confounded with each other because of the chronologi-
cal nature of technological progress. For example, earlier model year vehicles tend to be carbu-
retted and have oxidation catalysts or no catalysts, while late model vehicles tend to be fuel injec-
ted and have TWC/AL emission control technology. A vehicle which is carburetted and has
TWC/AL is not in the data set. Of course, such a vehicle is also rare in the vehicle population.

The point is that the response of different technology vehicles to oxygenated gasoline blends
will be difficult to assign to a specific technological factor by statistics alone. The statistical
analysis which is used in this study does attempt to make the distinction in choice of the parameter
which should be used to group technologies. However, it should be pointed out that the choice of
a technology factor which is important to oxygenated blend differences among vehicles was, in
many cases, chosen by a slim margin. In situations such as this, it is important to bring an engi-
neering perspective to aid in the choice of the technology parameter which is important to emis-
sions behavior.

2. Fuel Descriptions. Table 5-3 shows a description of the 14 test fuels and indicates the
parts of the testing matrix where each was used. The fuels can be classified into three "Blend Sea-
son" categories: Summer, Winter, and Reference. The two reference fuels, "Fuel ID" A and E,
were used to characterize the performance of the vehicles using an industry average fuel, Fuel A

and Indolene®, Fuel E. The summer and winter fuels form the bulk of the data and are the main
focus of the data analysis. In the discussions which follow, fuels are referred to by the single
letter code shown in the "Fuel ID" column of Table 5-3. Each fuel is described uniquely by the
"Fuel Description”. However, to understand the compositions of the fuels and the data analysis
implications, additional test fuel descriptors "Blending Stock”, *Blend Type", "Oxygen Content",
and "RVP" are provided in Table 5-3. The oxygen content and RVP values given are nominal
ones.

As indicated in Table 5-3, all five summer fuels share a common hydrocarbon blending stock
Original Summer Stock, and six of the seven winter fuels share another common blending stock,
Original Winter Stock. The remaining winter fuel, Fuel Y, has a different hydrocarbon stock,
New Winter Stock, which was blended to match the Original Winter Stock as closely as possible
but is not identical to it. Fuels indicated as sharing a common hydrocarbon stock are identical in
content except for the butane content (which was used for alt final RVP adjustments) and the
oxygenate content.

)
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The Table 5-3 indication "Blend Type" is used in the data analysis to differentiate the various
base blends. types of oxyuenates, and blending method (matched RVP vs. splash). The descriptor
Base indicates that the fuel is a base blend made according to the test plan specifications: the
original blending stocks (except for butane) were used. the percent oxygen is zero, and the RVP is
7.7 psi for Summer Base and 9.7 psi for Winter Base. The descriptors MTBE, ETBE, and EtOH
indicate the type of oxygenate used in the fuel. The weight percent oxygen is 2.0% for summer
blends and 2.7% for winter blends. The descriptor EtOH/SB indicates that the fuel was splash-
blended using ethanol which means that the fuel was prepared by first adjusting the respective
hydrocarbon stock with butane to the proper RVP (7.7 psi for Summer Stock and 9.7 psi for
Winter Stock) and then adding the requisite amount of EtOH. Thus, the final RVPs of the
EtOH/SB fuels are not controlled to the summer and winter specifications of the other fuels (i.e.,
the matched RVP blending method).

Difficulties associated with the blending of the winter base fuels were discussed earlier in the
report. As a consequence of the resolution of these blending difficulties, the set of winter test
fuels have three different non-oxygenated base fuels: N, X, and Y. Fuels N and X have identical
hydrocarbon blending stocks with the only difference being the butane levels and, consequently,
the RVPs. As indicated in Table 5-3, the 50°F matrix is the only one for which the base fuel used
did not strictly match the original experimental plan. Fuel X (called Low RVP Winter Base in
Table 5-3) lacked sufficient butane to achieve the planned RVP (9.1 psi instead of 9.7 psi) and
Fuel Y (called New Stock Winter Base in Table 5-3) had the planned RVP but did not match
identically the hydrocarbon content of the other winter fuels.

3. Carter Reactivity Factors for Speciations. For a subset of the vehicles, the exhaust and
evaporative hydrocarbon emissions were speciated. The list of compounds for which volatile
organic compounds (VOCs) were quantified are shown in Table 5-4. The speciation results will
be used to determine the effects of the test parameters on emission levels of toxic compounds and
on the estimated photochemical reactivity of the hydrocarbons which are emitted.

There are 144 species which are in the database. Each specie corresponds to a peak in the gas
chromatograph trace or the analysis result by another method. Since some compounds eluted on
the gas chromatograph in the same peak, some peaks contain more than one compound, as is
shown in Table 5-4. In addition, some peaks were not able to be identified, and these peak names
are labeled Unknown.

Carter reactivity factors are assigned to each of the 144 species, so that an overall estimate of
photochemical reactivity can be made for each test. Table 5-4 shows the Maximum Incremental
Reactivity (MIR) values which have been assigned to each of the specie. These are based on
Carter reactivity factors as of September 1992, which were provided to ATL by the California
ARB. The MIR is an estimate of the grams of ozone produced for each gram of Volatile Organic
Compound (VOC) which is emitted into the atmosphere. The table also shows the compound or
category which was used to assign the Carter reactivity factor to the species in the database. In
many cases, the compound matches the species name. However, in other cases, a generic com-
pound category (for example, C6 terminal alkene) is necessary to estimate the MIR.

The estimated photochemical reactivity for a given test is obtained by multiplying the emis-
sions and the MIR for each specie for the test and then summing all of these products for the test.
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Table 5-4. Speciated Compounds and Their Carter Reactivity Factors

Cartor Facters 1 SEP 62}
Anaiyte

Numper Anaiyte Name in Database

Compeuna or Category

Maximum

Incremental

Reactivity

(g Q37 VOC;
1 Methane methans 0.0148
2 Ethyiene ethene 7.29
3 Acatylone (Ethyne) acetyiene 0.50
4 Ethane ethane 0.25
) Propene propene 9.40
8 Propane propane 0.48
7 Aliene (Propaciane) 7.29
8 Propyne propyne 4.10
9 2-Methylpropane isobutane 1.21
10 2-Methyipropene 1sobutene 5.31
11 1-Butene 1-butane 8.91
12 1,3-Butadiene 1.3-butagiene 10.89
13 n-Butane n-butane 1.02
14 t-2-Butene trans-2-butene 9. 94
15 2,2-Oimetnyipropane neopentane 0.37
16 1-Butyne 1-butyne §.24
17 ¢-2-Butene cis-2-butene 9.94
18 3-Methyl-1-butene 3-methyi-t-butene 6.22
19 2-Methyidutane (isopentane) iscpentane 1.38
20 2-Butyne . 9.24
21 1-Pentene 1-pentene 6.22
22 2-Methyl-1.-butene 2-methyl-1-butene 4.90
23 n-Pentane n-pentans 1.04
24 2-Metnyl-1 3.butadiene 2-metnyl-1 3-butadiene 9.08
25 t-2-Pentene . 8.80
26 3.3-Dimethyi-1-butene CE terminal alkenes 4.42
27 ¢-2-Pentene . 8.80
28 2-Metnyl-2-butene 2-methyl-2-butene §.41
29 Unknown #1 8.80
30 Cyclopentadiense ‘ 7.66
kB! 2,2-Dimetnyibutane 2.2-dimethyl butane 0.82
32 Cyctopentene cyciopentene 7.66
33 3- & 4-Metnyl-1-Pentanes C6 terminal alkenes 442
34 Cyclopentane ¢yciopentane 2.38
as MTEE methyl 1-butyl aether 0.82
36 2.3-Dimethyibutane 2.3-dimetnyl butane 1.07
a7 Unknown #2 . 4.47
38 2-Methyipentane 2-methyl pentane 1.83
39 4-Mathy|-t-2-pentene C8 intemal alkenes 6.69
40 3-Metnyipentane 3-methyipentane 1.52
41 2-Methyl-1-pentene & 1-Hexsne C8 terminal alkenes 442
42 n-Hexane n-hexane 0.98
43 t-3-Hexene C6 internai alkenes 6.69
44 t-2-Hexene C6 internai alkenes 6.69
45 3-Methyl-t-2-pentene C6 intarnal aikenes €.89
46 2-Methyl-2-paniene C8 internal aikenes 6. 6%
47 3-Methyicyciopentens . 5.67
48 ¢-2-Hexene C6 internat alkanes 6.69
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Table 5-4. Speciated Compounds and Their Carter Reactivity Factors

Analyte
Number

49
50
51
52
53
54
1]
58
57
58
59
60
61

63
64
65
66
87
68
69
70
71
72

74
78
76
77
78
79
80
81
B2
83
84
as

87
88
89
90
91
g2
93
94
95
96

Analyte Name in Database

ETEE

3-Methyi-¢c-2-pentens
2,2-Dimethylpentane
Methyicyclopentane
2,4-Dimethylpentane
2.2,3-Trimethylbutane
1-Methylcyciopentane

Benzene

3-Me-1-Hexena & 3,3-DiMePentane
Cyciohexane

2-Methylhexane
2.3-Dimethylpentane
Cyclohexene & 3-Methylhexane
c-1,3-Dimethyicyclopentane
t-1,2-Dimethyicycliopentane
2,2.4-TriMePentane {(lsoQctane)
-2 & t-3-Heptenes

n-Heptans

? Unsaturated C7's
c-2-Heptene

MeCyHexane & 2,2-DiMeHexane
2.4, 4-Trimethyl-2-Pentene
2.5-DiMeHexane & EtCyPentane
2.4-Dimethyihexane
3.3-DiMeHexane

2.3,3 & 2,3.4-Trimethylpentanes
Toluene

2,3-DiMeHexane & 2,3-MeEtPentane
2-Methyiheptane
1-MeCyHexene & 4-MeHeptane
3-Methylheptane

C8's (Di & TriMeCyclic C5 & C8)
2.2.5-Trimethylhexane
1,1-Dimethylcycichexane
t-4-Octene )

n-Octane
t-1,3-Dimethylcyciohexane
2.4-Dimethylheptane
c-1.2-Dimethylcyciohexane
3,5-Dimethyiheptane
Ethylbenzene

2-MaQctane & 2 3-DiMeHeptane
meta- & para-Xylenes
4-Mathyloctane
3-Methyioctane

Styrene

artho-Xylene

Unknown #3

Carter Factors { SEP 92)

Compound or Category

athyl t-butyl ether
C8 internal alkenes
Branched C7 alkanes
maethyicyciopentane
2,4-dimethy! pentane
Branched C7 alkanes

benzene

C7 terminal alkenes
cyciohexane
Branched C7 alkanes
2.3-dimethyl pentane
cyclohexene

C7 cycloalkanes

C7 cycioalkanes
isooctane

C7 internal alkenes
n-heptane

C7 internal atkenes
methyicyclohexane

CB internal alkenes
2.5-dimethylhexane
Branched C8 alkanes
Branched C8 alkanes
Branched CB alkanes
toluane

Branched C8 alkanes
Brancnhed C8 aikanes

Branched C8 alkanes
C8 cycloalkanes
Branched CS alkanes
C8 cycioalkanes

C8 internal alkenes
n-octane

C8 cycloalkanes
Branched C9 alkanes
C8 cycloalkanes
Branched C9 alkanes
ethyl benzene
Branched C9 alkanes
m-xylene+p-xylena
Branched C9 aikanes
Branched C9 aikanes
styrene

o-xylene

Maximum
Incremental
Reactivity
(g O3/g vOC)

1.98
6.69
1.40
2.82
1.78
1.32
5.67
0.42
3.48
1.28
1.08
1.51
5.67
1.85
1.85
0.93
5.583
0.81
583
5.53
1.85
5.29
1.63
1.50
1.50
1.50
2.73
1.20
0.96

0.99
1.94
0.97
1.94
5.29
0.61
1.94
1.34
1.94
1.14
2.70
114
7.38
1.14
1.14
2.22
6.46
4.58



Table 5-4. Speciated Compounds and Their Carter Reactivity Factors

Anaiyte
Number

97
98

100
101
102
103
104
105
106
107
108
109
110
111

t12
113
114
115
116
117
118
119
120
121

122
123
124
125
1286
127
128
129
130
131

132
133

134
135
136

137
138

139
140
141

142
143
144

Analyte Name in Database

n-Nonane

Unknown 84
Isopropylbenzens (Cumene)
2,2-Dimaethyloctane
?ABranched C10's
2.4-Dimethyloctane
n-Propyibenzene
1-Methyl-3-Ethyibenzaene
1-Methyl-4-Ethylbenzense
1,3,5-Trimethylbanzene
?BBranched C10's
t-Ethyi-2-Methylbenzene
3-Methyinonane
1.2.4-Trimethyibenzene
n-Oecane

Iso-Butylbenzene
1,2,3-Trimethyibenzene
Indan

1,3-Diethylbenzene
1-Mathy!-3-Propylbenzene
1,4-Diethyibenzene
1.2-Diathyibenzene
1-Methyi-2-Propylbenzene
1.4-Dimethyl-2-Ethyibenzene
1,3-Dimethyi-4-Ethyibenzene
1,2-Dimethyi-4-Ethyibenzene
1.3-Dimethyi-2-Ethyibenzene
n-Undecane
1-Methyi-4-isobutyibenzene
1.2,4 5-Tetramethylbenzene
1.2.3,5-Tetramethylbenzene
Methylindan
1.2,3,4-Tetramethylbenzena
1-Dodecene

Naphthaiene

n-Dodecane

Other

Formaidehyde

Acetaidehyde

Acrolein

Acetone

Propionaldehyde
Crotonaldehyde
Methylethylketone
Benzaidenyde

Toluaidehyde

Methanol

Ethanol

Canter Factors ( SEP 92

Compound or Category

n-nonane

isopropyl benzene
Branched C10 alkanes

Branched C10 alkanes
n-propyl benzene

C9 dialkyl benzenes

C9 dialkyl benzenes
1.3.5-trimethyl benzene

C9 dialkyl benzenes
Brancned C10 alkanes
1.2.4-tnmethyl benzene
n-decane

C10 monoaikyl benzenes
1,2.3-tnmethyl benzene
indan

C10 diaikyl benzenes
C10 dialkyl benzenes
C10 dialkyl benzenes
C10 dialky! benzenes
C10 dialkyl benzenes
C10 trialkkyl benzenes
C10 triatkyl benzenes
C10 triatkyl benzenes
C10 trialkyl benzenes
n-undecane

C11 diaikyl benzenes
C10 tetraaikyl benzenes
C10 tetraaikyl benzenes

C10 tetraaiky! benzenaes
C12 terminal alkenes
Naphthaiene
n-dodecane

formaldehyde
acetaidehyde
acroiein
acetone

C3 aldehyoes
crotonaldenyds
C4 ketones
benzaidehyde

methanel
athanol

Maximum
Incremental
Reactivity
(g Qg VOO

0.54
4.58
2.24
1.01
2.30
1.01
2.12
7.20
7.2
10.12
7.20
7.20
1.01
8.83
0.47
1.87
8.85
1.06
6.45
6.45
6.45
€.45
6.45
8.07
9.07
9.07
9.07
0.42
5.84
9.07
9.07
1.06
8.07
1.52
1.18
0.38

7.15

5.52

6.77

0.56

6.53

$.42

1.18
-0.55
-0.58
0.56

1.34



This produces a total grams of ozone per mile for exhaust emissions and total grams of ozone for
evaporative emissions.

4. Preparation of Data for Analysis. The results of total emissions and speciated emissions
testing were calculated by ATL and entered onto Lotus worksheets in an agreed-upon format. A
column format was used to provide easy entry of the spreadsheets into SAS data files. The
spreadsheets were sent to Radian Corporation via floppy disk and entered onto the workstation
hard disk for data analysis.

Once the entire data set was set up in the SAS files, several techniques were used to quality
check the database and search for possible errors. When these suspect values were identified,
Automotive Testing Laboratory personnel investigated each value for confirmation or correction.
Several techniques were used to check the values of entries in the database.

First, the four file merging parameters, VEHID, TEMP, FUELID, and TESTDATE, were
checked against each other in the files to make sure that there were no extra or missing test con-
ditions. As a part of this check, the number and spelling of the compound names in the EXH-
SPEC and EVAPSPEC speciation files were checked against each other to ensure that no species
names were extra or missing.

The next level of checking involved graphical checks of the measured values. Plots of each
emission type were made against VEHID, CYCLE, TEMP, BLENDTYP, SEASON, and emis-
sions control technology. For the exhaust emissions test results and the evaporative emissions
test results, plots of the total HC emissions, as measured by FID, were compared for each test
condition with the sum of the speciated emissions for each compound as measured by the gas
chromatography. Also, the total exhaust emissions measurements were plotted against each other
(HC versus CO versus NOy) and the total evaporative emissions measurement for each test
condition were plotted against each other (diurnal versus hot-soak versus running loss).

Finally, during the statistical analysis portion of the data analysis, outliers as a result of regres-
sions were designated as suspect and investigated. More detail of the methods used for identi-
fying outliers by regression will be presented in Section C. It should be noted that, since no statis-
tical analysis was performed on the CO values or the miles per gallon values, these values have
not undergone this last stage of data checking.

B. GENERAL ANALYSIS APPROACH

The analysis of experimental data can be approached in many different ways, and the approach
used is usually different for every investigator. With sufficient data available, many of the differ-
ent approaches implemented by different investigators should yield similar conclusions. For the
data considered in this study, the analysis approach was designed to attempt to classify test
parameter emissions effects as large or small effects. Independent of the size of the effects, some
can be expected to be well-known; others may be new discoveries. Therefore, it can be viewed as
a comprehensive screening study. The analysis of a database of this size can be expected to con-
tinue by others for some time.

The analysis presented in this study is statistical and is based on the measurement of the size
of effects by regression of the data. Because most of the parameters in the study are categorical,
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rather than continuous, class regression is the statistical technique which was used. In this sec-
tion, the analysis approach is discussed in general terms. The section provides a background for
the detailed analysis and results which are presented in the last half of the report.

Because the analysis depends on the data which is available, the first subsection describes
some of the features of the database which are important to any analysis method. Then, class
regression is described in some detail. A key theme of this subsection is that class regression is
similar to taking averages of data values, but it is more powerful because it keeps track of uncer-
tainty and handles missing values and duplicate values in an appropriate manner. In the next sec-
tion, the levels for each of the parameters in the database are described. Because the results will
be presented in terms of these levels, it is important to understand the meaning of moving between
different parameter levels. Finally, the multiple-step data analysis process is described in a general
way. This process for each emissions type starts with the raw data and ends with plots and tables
which describe how different test variables affect emissions. Later, in Section C, the multiple-step
process is presented in greater detail by working through the analysis of exhaust NOy, data as an
example.

1. Database Auributes. The objective of the project was to investigate the emissions behavior
of a relatively small number of test vehicles for several, rather than a few, different parameters.
The database contains a great deal of data on the behavior of these vehicles under different test
conditions. Analysis of this data describes the emissions trends for these vehicles. The uncertainty
(error bars) associated with a given effect, therefore, applies specifically to the test fleet and not
to the vehicle population.

A well balanced data set will mean that the size of the main effects and many of the multiple
factor interactions can be determined without ambiguity. The test program was planned with test
conditions that covered almost all combinations of the test variables. Measurements were taken
at the planned test conditions with little missing data. Such a set of data is therefore relatively
well balanced, but not perfectly balanced.

To maximize the amount of information at different test conditions in the database, no true
duplicate tests were planned or performed. Some repeat tests were performed when the first test
result at a given condition appeared to be out of line with those "near” it. This type of repeat test
is not a true measure of variability since the repeated test condition was not chosen randomly, but
instead was chosen in a biased manner; in this case they were chosen because the first value was
suspicious.

An analysis of variance of a data set without duplicate measurements can rank the effects from
most important to least important by each parameter’s contribution to the variability of the meas-
ured values. But, it was important to estimate the error in the measurements so that the uncer-
tainty in the size of the effects could be estimated. To determine the statistical significance of an
effect, the uncertainty in the size of the effect must be known. Usually, the uncertainty in meas-
urements is determined from duplicate measurements. No true duplicate measurements were
performed in this study. As a result, the uncertainty in the measurements must be estimated by
the lack of fit of regression models. Thus, the use of regression becomes a necessary part of
determining the uncertainty assigned to effects measured in the study.
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2. Class Regression Concepts. One of the problems of investigating the emissions effects of
low oxygenate gasoline blends is that the oxygenate effects are weak compared to the effects of
emissions control technology, individual vehicle idiosyncracies, driving cycle, and ambient tem-
perature. For example, in this study, NOy varies from 0.003 to 8 g/mi as a result of changes in all
of the variables, but the expected size of the oxygenate effect on NOy is only about 10%. To
measure the effects of the different oxygenated blends on emissions, the variability produced in
the emissions values by all of the larger effects must be accounted for. Thus, the approach taken
for the statistical analysis of the data is to model the effects that produce large changes in emis-
sions, so that the relatively small effect of the oxygenate can be "seen” and estimated.

In this study, as shall be shown later, almost all of the parameters of interest are categorical in
nature. One approach would be to use averages of the measured values at each different level of
a parameter. An example of this would be to compare the average NOy, for the FTP cycle with
the average NO, for HFET cycle. This approach is valid; however, when the number of variables
and their levels become large, as in this study, the number of averages which can be considered
becomes very large. The alternative approach is to use class regression, which preserves the
advantages of simple averaging but contains additional benefits.

Class regression is a regression technique that measures the average effect of categorical (or
class) variables. The technique provides the same results as would be obtained by taking averages
for perfectly balanced data sets. There are several additional reasons for using class regression
over averaging methods. Class regression:

« Estimates the statistical significance of effects

» Helps identify outliers

e Handles unbalanced data sets appropriately

o Assists in selecting the appropriate transformation

o Accounts for variability, that is, it is an analysis of variance
e Quickly ranks the size of parameter effects

» Evaluates interactions between parameters

Class regression works similarly to the more familiar continuous regression by adjusting the
fitting parameters subject to the constraint that the sum of the square of the differences between
the measured and fitted values is a minimum. For each class parameter in the regression, the
regression estimates a separate value for each level of that parameter. The solution of the regres-
sion provides a matrix of values for each parameter, and each element of a matrix corresponds to
a particular level of the parameter. Comparison of the values for the matrix elements of each
parameter then describes the effect of the change in levels on emissions.

As the number of variables in a data set increases, the possible model statements grow in
number and complexity. The analyst must use his knowledge of the system under investigation
and his curiosity to thoroughly examine the trends in the data in an unbiased manner. For exam-
ple, if the fuel economy (MPG) of two vehicles (VEHID) was tested at two driving cycles
(CYCLE) and at two ambient temperatures (TEMP), the chosen model statement might be:

MPG = VEHID*CYCLE TEMP
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This model statement has two terms: an interaction between vehicle and cycle. and a temperature
term. The interaction term! indicates that the analyst is testing to see if the effect of cycle on fuel
economy mught be different tor the two vehicles. The temperature term indicates that the analyst
is testing the size of the temperature effect with the assumption that the effect of temperature is
the same for both vehicles and for both driving cycles.

For this example, the solution to the regression might be:

FTP NYCC TEMP

Af19+ 26 7+26 75 {03+ 26
+

B\4lg26 117+ 42 95 \03+ 26

The first matrix shows the effects of vehicle and cycle. Itisa 2 x 2 matrix because there were
two vehicles and two driving cycles. For vehicle A, moving from FTP to NYCC caused the MPG
to drop by 8, while for vehicle B the drop was 29 3, a significant difference. This is an example of
an interaction. The second matrix, which is for temperature, is a 1 x 2 matrix since temperature
was tested at two levels: 75 and 95°F. The temperature effect between 75 and 95°F was 0.6 and
was not a significant difference. Note that the solution matrices can be used to predict MPG. For
example, the predicted MPG for vehicle A driving an NYCC at 95°F would be 6.7 mile/gallon
(7 +(-0.3)).

3. Regression Parameters and Levels. The regression parameters and their levels are shown
in Table 5-5. These parameters were used to design the test program, as well as to analyze the
results.

a. Vehicle Descriptors and their Levels--VEHID is a class descriptor of the individual test
vehicle for which results are presented: VEHID has 13 levels with the level names 1, 2, 3, 4. 5. 6.
7,8,9,10, 11, 12, and 13. The names correspond to the vehicles shown in Table 5-2. To further
describe the vehicles, the technology description parameters for the vehicles are given beneath
VEHID in Table 5-5. These are for exhaust emissions technology (EMSTECH) with four levels,
fuel induction system type (FUELSYS) with three levels. canister bottom design (CNSTR) with
two levels, and engine displacement (DISP) which is a continuous parameter. Each of the levels
for the technology descriptors may contain more than one individual vehicle.

In the analysis presented in this study, the behavior of individual vehicles is determined first.
Then, to increase the confidence that trends seen in one vehicle may actually apply more generally
to a technology group, the next step of each analysis is to see which technology descriptor can
best be used to describe the observed trends.

! Note that in the model statement given above. the main effects for vehicle and cycle are implicitly included
in the VEHID * CYCLE term. This is true for class regressions and not true for continuous regressions. In other
words, the VEHID * CYCLE term is equivalent to VEHID + CYCLE + VEHID * CYCLE. Both methods of
expressing the main effects and interactions use four degrees of freedom. and the fit to the data and all statistics
describing the fit are the same.
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Table 5-5

Parameter Levels

VEHID (class): 1,2,3,4,5, 6, 7|, 8,9, 10, 11, 12, 13
. EMSTECH (class):
Noncatalyst
Oxycatalyst

3way NonAdaptive

3way Adaptive
FUELSYS (class):

Carburetted

Throttle Body

Multipoint
CNSTR (class):

Open Bottom

Closed Bottom
DISP (continuous):

Liters

CYCLE (class):
FTP
HFET
NYCC
Bagl
Bag?2
Bag3

BLENDTYP (class):
LoRVPBase
HiRVPBase
MTBE
ETBE
EtOH
EtOH/SB

SEASON  (class):
Summer
Winter

TEMP (class):
50
75
95
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b. Drving Cycle Leveis--The three driving cycles tested in this program were the FTP, HFET.
and NYCC. However, because in most cases the detailed results of the three bags of the FTP
were available. we added Bags 1. 2, and 3 of the FTP to the cycle list so that additional informa-
tion about the influence of different driving patterns on emissions could be determined.

c. Fuel Descriptors--Table 5-3 shows a summary of the 14 test fuels. At the bottom of the
table, the characteristics of the two reference fuels. FUELIDs A and E. are shown. These fuels
were used to characterize the performance of the vehicles using an industry average and an Indo-
lene® fuel. The remaining 12 fuels were used to characterize the bulk of the emissions perform-
ance of the test vehicles. The manner in which these fuels are described determines the conclu-
sions that are reached in the regression analysis of the data. The fuels can be described in differ-
ent ways. Each way will result in a different view of trends in the emissions of the vehicles. We
show below two ways to describe the fuels and selected one method to be used throughout the

remainder of the report. Other data analysts may choose other equally acceptable ways to
describe the fuels.

The first and perhaps the simplest method of describing the fuels is to use only the FUELID
variable. For the 12 fuels. FUELID each had a code, and the levels are given the names of the
fuels: M, 0,Q, S, U,N, X, Y,P, R, T, and V. A class regression performed on the data will
determine |2 values which fit the data best. The solution matrix for VEHID would have 12 ele-
ments--one for each of the 12 levels of VEHID--as shown below. Note that the regression will

actually determine n-1 or 11 independent matrix values since the effect of fuel is described by the
regression as emission differences among the fuels.

FUELID

M .
(o] -
Q -
S

U .
N

X -
Y

P -
R -
T -
Vv 0

This fuel description method does not recognize known relationships among the fuels. For
example, it does not indicate that the oxygen contents of M, N, X, and Y are all 0.0% oxygen,
and it does not indicate that the RVPs of M, O, Q, and S all are 7.7 psi, and it does not indicate
that O and P both contain MTBE. This method of fuel description makes no assumptions about
relationships among the fuels; as far as the analysis of the effects of the fuels go, they might as
well have had totally unrelated compositions and properties. Even so, using such a description of
the fuels is legitimate and has the advantage that no assumptions in fuel description are necessary.
The disadvantages are that the uncertainties for each of the solution matrix values is larger than
they would be if our knowledge about relationships among the fuels would be used.
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For the purposes of the analysis in this report. we chose to use our knowledge of the fuel
properties to describe the fuel set in a different way. The impetus for doing this was that to be
able to detect the small effect of the oxygenates in the large emissions effects produced by tech-
nology, vehicle, cycle. and temperature, we saw a need to maximize the number of degrees of
freedom assigned to error as much as possible. We did this by minimizing the number of fuel val-
ues to be determined by the regression. In addition. ARB had a desire to estimate the separate

effects of oxygenate and volatility on emissions. Therefore, the following description of the fuel
set was used.

Each fuel in the set can be described by a combination of Blend Type (BLENDTYP), Oxygen
Content (OXY), and Blend Season (SEASON). As shown in Table 5-3, Blend Type has 5 class
levels: ETBE, EtOH, EtOH/SB, MTBE, and Base. (Note that we are assuming here that the dif-
terent Blend Types for the winter fuels will be shown to be not significantly different or differing
bases will be dropped from the regression following a separate analysis.) Oxygen Content is a
continuous variable and has values of 0.0, 2.0, and 2.7% oxygen. Finally, Blend Season has two
class levels of Summer and Winter. For the purposes of the analysis shown in this report,each
tuel was described with the following relationship which uses 5 independent regression values:

BLENDTYP = OXY + SEASON

ETBE
EtOH - Summer -
EtOH/SB[| - |* OXY + Winter 0
MTBE

Base 0

.

Certain assumptions are made with this fuel set description. The first term of the description
(BLENDTYP * OXY) makes the assumption that for a given type of oxygenate, the emissions re-
sponse is proportional to the oxygenate concentration. Since the fuels in the database containing
oxygenates have oxygen contents of only either 2.0 or 2.7%, this assumption really is made only
between those two concentrations. Even so, because of the regulatory implications of using 2.0%
versus 2.7% oxygen fuels, some are uncomfortable with this assumption of proportionality.

It should be noted that this assumption does not mean that no emissions response curvature as
a function of oxygen content exists; it means that we judged the advantages of assuming a pro-
portional response over this narrow range of oxygen content to outweigh the disadvantages for
the purposes of the analysis of this smail test vehicle fleet. The advantage is that the degrees of
freedom for error is increased, and this results in a reduction in the size of the uncertainty for the
calculated effect values. This advantage will mean that we will be more likely to see small, but
significant BLENDTYP effects. The disadvantage is that the response of some emissions types
for some vehicle technologies may be stronger or weaker than a proportional response between
these two oxygen concentrations.

The different values for the ievels of BLENDTYP are coefficients of the oxygen content of
the fuel (OXY) and give the emissions effect per percent oxygen caused by the level of BLEND-
TYP. It is important to note that for ETBE, EtOH, MTBE, and Base, the BLENDTYP levels
indicate matched RVP blending methods, but for EtOH/SB the splash blending method was used.
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Thus, when the values calculated for the different levels of BLENDTYP are examined, the effect
of BLENDTYP actually contains the net combined effect of the oxygenate compound and the
effect of a higher RVP (about 0.9 psi higher) for EtOH/SB relative to the RVPs of the other
biends.

The two levels of SEASON provide the effect caused by changes between the summer and
winter blends. This provides the combined etfect of change of RVP and change of blending com-
ponents. Moving from Summer to Winter blends causes an increase in RVP of about 2 psi and a
change from the Original Summer Blending Stock to the Original Winter Blending Stock. These
two effects can not be separated from each other with this data. Note that this Blend Season
structure assumes that the effect of New Winter Blending Stock will be shown to be not signifi-
cantly different from Original Winter Blending Stock in a separate analysis. If these stocks are
found to have different effects on emissions, then data from the New Stock will be dropped from
regressions.

d. Temperature Descriptors--Table 5-3 shows the three levels of ambient temperature that
were used in this study. The summer fuels were tested at only 75° and 95°F, and the winter fiels
were tested at only 50° and 75°F. To avoid making any assumptions about the functional rela-
tionships of emissions on ambient temperature, we chose to make ambient temperature a class
variable with three levels.

4. Decision Process. The process used to arrive at a good regression model for each of the
emissions types in the data set has been arrived at in an eight-step process. In general, the process
involves examining all of the data in a single regression initially, and then using the results of pre-
liminary regressions to determine the best way to group individual vehicles by a technology cate-
gory for generalization in the final regressions. In almost all cases in this project, class regression
using the GLM (General Linear Model) procedure in SAS was used. This procedure is similar to
an analysis of variance, except that the GLM procedure can handle missing values and unbalanced
data sets, such as the data set under consideration here.

The analysis approach can be described as having eight steps. Each of these steps is described
in general here. Then, in the next section, a specific example will be given to demonstrate the
procedures in detail.

a. Regress Data Against Main Effects Only--The first step for each investigation of an emis-
sion type was the regression of all emissions values for all test conditions against all of the design
parameters. This provides a first look at the relative size of effects of parameters on emissions.
The results of this regresston indicated which parameters had the largest effect on the emissions
under consideration and provided some guidance to the interactions between parameters which
should be considered.

b. Create a Preliminary Model With Interactions--Several regressions were then performed to
determine which two-factor interactions had large effects on the emissions. This preliminary
model needed to explain a large part of the variability in the emissions so that the appropriate
transformation could be selected. In general, the interactions of parameters that have strong main
effects will also have strong effects. Interactions between parameters that are weak will also be
weak.
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c. Determine Appropriate Transformation--Once this preliminary model was found, the
residuals of the fit to the regression were considered to determine the best transformation of the
emission values for future regressions. Transformations are used to make the error in the meas-
ured emissions value about the same size over the range of measurements. In this study, where
the measured values range over orders of magnitude, the natural log transformation would com-
monly be used. The log transformation was used to develop the preliminary models in Steps 1
and 2 for this reason. However, in this step, we investigated several transformations for each
emission type to determine which was best for this data set. The use of an appropriate transfor-
mation is important because the use of any statistical methods (even simple averaging techniques)
assumes that errors are normally distributed. Failure to choose an appropriate transformation
could result in erroneous conclusions.

d. Consider Qutlier Data Points--Data points that had particularly large residuals in the best
transformation regression were examined. ATL was notified of these points to determine if there
had been an inadvertent error in work-up of the emission values, for example. To avoid increas-
ing the regression’s estimate of measurement error, data values that were confirmed and contin-
ued to have large residuals were left out of further regressions. It should be noted that only a few
points for each regression were left out, and that including them or removing them actually had a
small effect on regression results. Thus, emissions values, that were procedurally acceptable but
appeared to be out of line with other associated emissions values, were retained in the database,
but were not used in the regressions.

e. Evaluate Winter Base Fuels (Exhaust Only)--Because of the fuel blending difficulties with
the winter base fuels, a special analysis was performed to determine if there was a significant dif-
ference between the emissions responses of Fuels N, X, and Y. These fuels had different RVPs
and/or blending stocks. This special analysis was only performed on exhaust emissions because
no evaporative emissions testing was performed on the non-planned fuels X and Y since these
fuels were tested at only 50°F. A regression analysis was used. The basic concept that was used
was that if no consistent difference could be shown, then the difference in emissions response of
these base fuels was probably not significant. This does not mean that real differences did not
exist, it just means that the differences were too small to be detected with this data set.

f. Find a Satisfactory Individual Vehicle Model--Next, additional regressions were performed
to investigate the weaker parameters and weaker interactions and their effects on the emissions.
The result of this stage of the regression analysis provided a regression model which described the
emissions behavior of individual vehicles. Technology groupings were not yet used in the model.

g. Test and Select Technology Groupings--The response of different vehicles to the blend
types were then compared to determine the technological feature of the vehicles which could
serve as a vehicle grouping parameter. Regression techniques were used to select the appropriate
technological grouping parameter. At this point, the regression was rerun with the replacement of
VEHID in the regression with alternative technology parameters, FUELSYS, EMSTECH,
CNSTR, and DISP, to determine which provided the best fit of the data. It should be noted,
however, that VEHID still remained in the model statement of this simplified model because, even
within a technology grouping, vehicle to vehicle differences are large and need to be accounted
for to provide good estimates of the uncertainty in the other parameters in the model.
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h. Describe Effect of Parameters on Emissions--Various graphical and tabular techniques were
used to communicate the size and statistical significance of the results for the different study
parameters for each emission type.

C. SPECIFIC ANALYSIS EXAMPLE FOR NOy

In this subsection, the detailed methodology that was used to analyze exhaust NO, emissions
will be presented as an example of the techniques used for all emission types. NOy was selected
for this example because of the current interest in NOy, emissions and its analysis demonstrates all
of the features that were used throughout the study. The results of the other emissions types are
presented later in Section 5, without all of the details that are shown for this NOy analysis.

1. Regress Data Against Main I'ffects Only. The data set that was analyzed for NO,, con-
tained 1751 observations. The parameters which were considered for NO, were vehicle
(VEHID), driving cycle (CYCLE), ambient temperature (TEMP), blend type (BLENDTYP), and
blend season (SEASON). For the data set, the NOy values range from 0.003 g/mi to 8.0 g/mi.
For such a large range of values, the initial transformation of the values that is used first is the
natural log transformation. Therefore, the natural log of NOy was regressed against the main
effects of the test parameters. The SAS notation for this regression is:

InNOy = VEHID CYCLE TEMP BLENDTYP SEASON

Each of these parameter names represents a matrix of values with each value corresponding to a
level of the parameter. For example, CYCLE is a matrix with six elements; each element corre-
sponds to one of the six cycles tested: FTP, HFET, NYCC, Bagl, Bag2, and Bag3. The class
regression adjusts the values of all of the elements of the five matrices to best fit the natural log of

the measured NOy values. The statistics that describe this regression are given in Table 5-6 as
Model {.

The table shows that for Model 1, the r2 for the regression was 0.856, the model used 27
coefficients to describe the data. VEHID, CYCLE, TEMP, and BLENDTYP had significant
effects on InNOy, but SEASON was not significant. From Model 1 it can be seen that the main
effects had the following order of importance to InNOy:

VEHID > CYCLE >> TEMP > BLENDTYP > SEASON

The criteria used to judge a regression as a good fit of the data were a model r2 of at least
0.95, amodel F value as large as possible, and the significance of individual terms in the model of
at least 95%. The 95% confidence level has been used throughout this report since that value is
usually generally accepted in the statistical analysis of data. Other levels of statistical significance
can legitimately be used; however, getting acceptance of other levels by other scientists reviewing
the results can be problematic. If the r2 criteria could not be met without adding numerous inter-
action terms to the model statement, an r2 of less than 0.95 was accepted.

2. Create a Preliminary Model With Interactions Next, improvements to the main effect
model, Model 1, were made by adding the interaction between VEHID*CYCLE to create Model
2. As shown in Table 5-6, this model had a much better r2 than Model 1, but also added 60 more
coefficients. VEHID*BLENDTYP was added to Model 2 to create Model 3. This interaction
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Table 5-6

Summary of Search Phase for Log (NO,) Regressions
on 1751 NO, Observations

, Number of
F r2 Significance | Coefficients
Model 1 402 0.856 99.99 27
VEHID 721 99.99
CYCLE 302 99.99
TEMP 7.9 99.99
BLENDTYP 55 99.97
SEASON 0.3 39
Model 2 331 0.942 99.99 87
VEHID 1745 99.99
CYCLE 732 99.99
VEHID*CYCLE 42 99.99
TEMP 20 99.99
BLENDTYP 12.9 99.99
SEASON 0.5 54
Model 3 191 0.948 99.99 159
VEHID 1832 99.99
CYCLE 766 99.99
VEHID*CYCLE 44 99.99
TEMP 21 99.99
BLENDTYP 13.6 99.99
VEHID*BLENDTYP 2.2 99.99
SEASON 0.4 47
Model 4 160 0.948 99.99 189
VEHID 1824 99.99
CYCLE 763 99.99
VEHID*CYCLE 44 : 99.99
TEMP 21 99.99
BLENDTYP 13.5 99.99
VEHID*BLENDTYP 22 99.99
CYCLE*BLENDTYP 0.8 22
SEASON 0.4 48




Table 5-6

(Continued)
Number of
F r2 Significance | Coefficients
Model § 192 0.948 99.99 158
VEHID 1834 99.99
CYCLE 767 99.99
VEHID*CYCLE 44 99.99
TEMP 33 99,99
BLENDTYP 13.6 99.99
VEHID*BLENDTYP 2.2 99.99
Model 6 192 0.948 99.99 158
VEHID 1271 99.99
VEHID*CYCLE 99 99.99
TEMP 33 99.99
VEHID*BLENDTYP 3.0 99.99
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was found to significantly improve the model. as shown on Table 5-6, by this term’s significance
0f 99.99%. Next, CYCLE*BLENDTYP was tested for Model 4. This interaction was not found
to improve the model significantly, as indicated by its significance of only 22%. Therefore,
CYCLE*BLENDTYP was dropped from further consideration. In addition, it was seen for
Models 1 to 4 that the parameter SEASON consistently showed no significant effect on InNO,,
and, accordingly, it was also dropped from regression. This resulted in Model 5, which used 158
parameters to describe the measured InNOy with an r2 of 0.948.

For interactions in class regression, main effects can be collapsed into two-factor interactions
which result in a simplified model that has the same model statistics. Thus, Model 5 was col-
lapsed to Model 6 with just four terms. Model 6 describes the data with exactly the same preci-
sion as Model! 5, but it is easier to write down. Therefore, the best preliminary model we found to
describe InNOy, is given by:

InNOy = VEHID VEHID*CYCLE TEMP VEHID*BLENDTYP

This preliminary model indicates that NOy emissions were different for different vehicles and that
the response to driving cycles was different for different vehicles. In addition, temperature
seemed to have a significant effect and the response of different vehicles to the blend type was
significant. One noteworthy missing term was the CYCLE*BLENDTYP interaction. This indi-
cates that the effect of BLENDTYP was independent of the type of driving that was performed.
This preliminary model statement will be used to examine transformations for NOy, to search for
outliers, and to serve as a starting point for the development of a final exhaust NOy model for this
data set.

3. Determine Appropriate Transformation. One of the requirements for proper analysis of
data is that the variance or error in the data is homogeneous over the range of the observation
which is being modeled. For observations which do not have a large range, a regression of the
untransformed observation (that is, the linear observation) is usually satisfactory. However, when
observations vary over orders of magnitude, regression of the observation in a linear domain may
result in a variance which is also changing over the range of the observation values. Failure to
consider this so-called homogeneity of the variance may result in misinterpretation of data.
Therefore, variance homogeneity must be considered when regressions are performed, and even
when simple averages are made.

The appropriate transformation to be used can best be determined by measuring the variance
over the range of observations through the use of duplicate measurements. However, as in this
data set, when duplicate measurements are not available, the next best method is to examine the
residuals of good regressions of the observations when different transformations are used.2

Transformations are commonly made by raising the observations to an exponent. Regression
of linear observations corresponds to an exponent of 1, square root to an exponent of 0.5, log
corresponds to an exponent of O (in the limit), inverse square root corresponds to an exponent of
-0.5, and reciprocal corresponds to an exponent of -1. For automotive emissions measured over a

2 Weisberg, Sanford. Applied Linear Regression, Second Edition. John Wiley & Sons, 1985, p. 147; Box. G. E. P,
W. G. Hunter. and J. S. Hunter. Statistics for Experimenters, John Wiley & Sons, 1978, p, 231.
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wide range of conditions, the log of the observation has traditionally been used. However, in this
data analysis, for every emissions type which was analyzed, the most appropriate transformation
was investigated.

This was done by first developing a relatively good model of the log of the emissions so that
large effects were explained. Then, transformations of the measured quantity, in this case NO,,
were evaluated by looking at the residuals of the regression plotted against the measured values.
The residuals of a regression are the part of the measured value that is not explained by the re-
gression. If, for a given transformation, the residuals showed a constant spread over the range of
the observation values, then that transformation was judged to be acceptable for the data set. If
the residuals formed a funnel shaped cluster, then the exponent on the transformation of the emis-
sions values was adjusted.

For this NOy example, the Model 6 model statement was be used to examine transformations.
Figure 5-1 shows the residuals versus measured value plot for the log transformation. The figure
shows that the spread of residuals is narrower on the right side of the plot where NO values are
high. This indicates that the log transformation could be improved upon. The next transforma-
tion that was attempted was the linear transformation with the model statement:

NOx = VEHID VEHID*CYCLE TEMP VEHID*BLENDTYP

This linear transformation produced the residual plot shown in Figure 5-2. In this plot, the resid-
uals are narrowest on the left side of the plot where NOy values are low. Incidentally, in this
case, the linear transformation has the undesirable property of predicting many negative values for
NO.

Based on the residual plots with the log and linear transformations, it is clear that a transfor-
mation somewhere between the two would provide an optimum residual plot. Through a process
of trial and error of trying different transformations, it was found that NOy ©-2 provided a good
transformation with homogeneous (that is, constant spread) residuals across the range of meas-
ured NOy values. This residual plot is shown in Figure 5-3. Therefore, the NOy 92 was used for
all further analysis of exhaust NO data.

4. Consider Qutlier Data Points. An examination of the residual plot in Figure 5-3 caused us
to suspect outliers for three data points with the following vehicle/NOy 9-2 values: 6, 0.66; 13,
1.06; and 6, 1.4. The measured values of NOy for these points were reviewed with ATL and no
reason was found to believe that they were in error. Since the values could not be corrected, they
were dropped from the regression. The data points dropped were:” Vehicle 6/75°%/Fuel N/NYCC
on 18MAR92 = 0.125 g/mi, Vehicle 13/95°/Fuel U/NYCC on 21AUG92 = 1.348 g/mi, and
Vehicle 6/95°/Fuel M/NYCC on SMAY92 = 5.39 g/mi. This left 1748 data points to be analyzed.

3. Evaluate Winter Base Fuels (Exhaust Only). The next step in the analysis of the NOy data
is to determine whether Fuels X and Y are different from Fuel N in their influence on exhaust
NO, emissions. Again, class regression was used as a tool to help determine the significance of
these effects. These regressions were performed on the 1748 NO, observations that were left
after the 3 outliers were removed using the NOy %2 transformation.

Up to this point, the influence of BLENDTYP on NOy emissions was present in the regres-
sion as a term with a different value for each of the seven levels of BLENDTYP: Base, LowRVP-
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Base, NewStockBase, ETBE, EtOH, EtOH/SB. and MTBE. The concentration of the oxygenate
was not considered as a major influence, since oxygen concentrations of the bases were all 0.0%
oxygen. and oxygen concentration of the oxygenated fuels were either 2.0 and 2.7%. If the NOy
effect produced by an oxygenate at 2.3% oxygen is on the order of 10%, then the error intro-
duced by assuming that 2.7% is 2.3% oxygen would give an effect on emissions of only about
2%. This small effect is inconsequential for preliminary regressions when it is compared with the
three orders of magnitude variability in the NOy emissions data.

However, now, we do want to bring in the etfect of oxygen concentration to begin fine tuning
the model. The model statement is slightly modified:

NO, 2= VEHID VEHID*CYCLE TEMP VEHID*BLENDTYP*OXY

In this statement, the OXY represents the percent of oxygen in the fuel, and has values of 0.0, 2.0,
or 2.7 % oxygen. OXY is a continuous variable; therefore, the VEHID*BLENDTYP matrix
provides coefficients for the continuous variable OXY to be multiplied by. The coefficients repre-
sent the NOy effect per percent of oxygen in the fuel. The statistics for this regression are shown
in Table 5-7 for Model 7. They show that the r2 for the regression is 0.950 and that alt four terms
of the regression have a significant effect on the fit of the data.

To evaluate the emissions effect of oxygenate in the fuel, a comparison of results for an oxy-
genated fuel are made with the results for the base fuel. ldeally, the fuels that are compared use
the same blending stocks and have the same volatility. Examination of Table 5-3 shows where
comparisons can be made. For 75°F measurements of the summer blends, the base fuel (Fuel M)
and the oxygenated fuels (Fuels O, Q, S and U) have the same blending stock and the same vola-
tility (except for Fuel U which was the splash blended EtOH fuel). The same is true of the 75°F
measurements of the winter blends; the base fuel (Fuel N) and the oxygenated fuels (Fuels P, R,
T, and V) have the same blending stock and the same volatility. But for the SO°F measurements
of the winter blends, Fuel N was not tested at all; the only base fuels tested were Fuels X and Y.
Fuel X used the same blending stock as the winter oxygenate blends, but the RVP was too low.
Fuel Y had the correct RVP but used a different blending stock than for the oxygenated blends.

Since Fuels X and Y but not N were tested at 50°F, a statistical analysis for each exhaust
emission type needs to determine if Fuel X or Fuel Y or both exhibited exhaust emissions behav-
ior significantly different from Fuel N. If Fuel X or Fuel Y differs significantly from Fuel N for a
given emission type, then all results from that base fuel should be dropped from the analysis data
set of that emission type so those values do not bias the results of the analysis.

To determine if Fuel X or Fuel Y was significantly different from Fuel N, we used regression
analysis to model the data set's patterns of emission values as a function of all of the parameters in
the study. Another way of explaining this is that regression was used to estimate the emissions
that Fuel N would have produced at 50°F (if it had been available for testing) and then it was used
to compare the actual measured results of Fuels X and Y with these estimated results from
Fuel N. This analysis was done separately for each exhaust emission type (HC, CO, NO,, ozone,
benzene, formaldehyde, acetaldehyde, and 1,3-butadiene).

To evaluate whether Fuels X (LowRVPWinterBase) or Y (NewStockWinterBase) are signifi-
cantly different from Fuel N (WinterBase), three new class variables are created. The first new
class variable is called BLENDI. It has levels of Base, ETBE, EtOH, EtOH/SB, and MTBE. For
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Table 5-7

Evaluation of Winter Base Fuels for NO, *2

Number of
F r2 Significance | Coeflicients
Model 7 4850 0.950 99.99 132
VEHID 526 99.99
VEHID*CYCLE 86 99.99
TEMP 37 99.99
VEHID*BLENDTYP*OXY 3.2 99.99
Model 8 4916 0.952 99.99 134
VEHID 538 99.99
VEHID*CYCLE 89 99.99
TEMP 42 99.99
VEHID*BLEND1*OXY 3.1 99.99
LOWBASE 0.7 60
NEWBASE 33 99.99
Model 9 4787 0.952 99.99 132
VEHID 436 99.99
VEHID*CYCLE 85 99.99
TEMP 47 99.99
VEHID*COBLEND*OXY 29 99.99
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BLEND1, the Base level is used to name those observations where BLENDTYP was Base, or
LowRVPBase, or NewStockBase. All other category names for BLENDI1 are the same as those
tor BLENDTYP. Thus, BLENDI is the same as BLENDTYP, but makes no distinction between
the three different kinds of bases.

The second new variable that is created is called LOWBASE. This class variable has two
levels. For any observations that have a BLENDTYP of LowRVPBase, LOWBASE has the
value Low. Otherwise, LOWBASE has the value NotLow. The third class variable that was
created is called NEWBASE. NEWBASE has two levels. When BLENDTYP is NewStockBase,
NEWBASE has the value New. Otherwise, NEWBASE has the value NotNew.

A new regression statement was used that assumed that all three bases were the same by
substituting BLEND1 for BLENDTYP:

NOy4 %2 = VEHID VEHID*CYCLE TEMP VEHID*BLENDI*OXY

Then, the regression for NOy was run to determine whether the addition of parameters LOW-
BASE or NEWBASE to Model 7 significantly improved the regression. The statistical results of
this regression are shown in Table 5-7 under Model 8. The results of the regression show that
LOWBASE did not have a significant effect on the regression, but NEWBASE did. This means
that as far as the data for NOy are concerned, the Fuel X (LowRVPBWinterBase) and Fuel N
(WinterBase) were not seen to be significantly different. On the other hand, NEWBASE was
found to have a significant effect. This indicates that the Fuel Y (NewStockWinterBase) pro-
duced significantly different NOy emissions from Fuel N.

Accordingly, all NOy observations for Fuel Y were dropped from the NOy analysis. A new
fuel blend parameter called COBLEND was created to reflect that Low RVP Base blends and
Base blends behave the same. COBLEND had levels of Base, MTBE, ETBE, ETOH, and
ETOH/SB, where Base included observations where BLENDTYP was Base or LowRVPBase.
Thus, the refined model became:

NO 2= VEHID VEHID*CYCLE TEMP VEHID*COBLEND*OXY

The statistics of this Model 9 are given in Table 5-7. This model uses 1664 observations since 84
NOy observations for Fuel Y (NewStockWinterBase) were dropped.

6. Find a Satisfactory Individual Vehicle Model. With the selection of the appropriate trans-
formation, the removal of three outlier points, and the resolution of the winter base fuel problems,
the database and the regression model are ready for final examination to create a model that fits
the NOy, emissions of the individual vehicles.

The starting point for this development is Model 9 and has the statistics shown in Table 5-8.
This model is the same one that was arrived at after Fuel Y was eliminated from the data set and
Fuels N and X were combined in the previous analysis step. Additional terms were added to
Model 9 to see if they had a significant effect on the fitting of NOy emissions for individual vehi-
cles. Model 10 is the result of those efforts. It was found that VEHID*TEMP was significant,
which indicates that not only was TEMP significant as it was in Model 9, but different responses
of different vehicles to TEMP were also significant. In addition, CYCLE*TEMP and TEMP*-
COBLEND were found to be significant.
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Table 5-8

Evaluation of NO, *?* Models for Individual Vehicles

Number of
F 12 Significance | Coeflicients
Model 9 4787 0.952 99.99 132
VEHID 436 99.99
VEHID*CYCLE 85 99.99
TEMP 47 99.99
VEHID*COBLEND*OXY 29 99.99
Model 10 4372 0.962 99.99 178
VEHID 538 99.99
VEHID*CYCLE 40 99.99
VEHID*TEMP 14 99.99
VEHID*COBLEND*OXY 27 99.99
CYCLE*TEMP 43 99.99
TEMP*COBLEND 24 99.5




Interpretation of Model 10 is difficult. because of the large number of terms and interactions
that are present in the model. As we shall see in the next step of the model development, when
vehicle technologies are considered, several of the terms in Model 10 will be dropped. This will
simplify the interpretation of the tinal technology-based model.

7. Test and Select Technology Groupings. The final stage of the NOy model development
involves the consideration of different technology groupings for the vehicles. They are considered
because the resuits of the study need to be somehow generalized from individual vehicles to a
more general term of vehicle technology. The four descriptors of vehicle technology that were
tested were FUELSYS with levels of carburetted, multipoint, and throttle body; EMSTECH with
levels of TWC/AL, TWC/NAL, oxy-catalyst, and non-catalyst; CNSTR with levels of closed-
bottom canister and open-bottom canister; and DISP, which is the continuous variable for engine
displacement. Each of these four technology parameters was substituted sequentially for VEHID
in Model 10. However, VEHID by itself was retained to account for the vehicle-to-vehicle
idiosyncrasies which affect emissions within a technology grouping. Table 5-9 shows a
comparison of the regression results with these substitutions in Models 11, 12, 13, and 14.

The results of Models 11 through 14 indicate that Models 11 and 12 are superior to Models
13 and 14. Models 11 and 12 use EMSTECH and FUELSYS to describe technology and provide
similar results. The reason these two models give similar results is that EMSTECH and FUEL-
SYS are confounded because of the chronological nature of technological progress. We chose to
use Model 11 based on EMSTECH for the final workup of the regression, because most of the
other emissions types in the study show that EMSTECH had a slight advantage over FUELSYS.

The other observation to note about the regressions in Table 5-9 is that in most cases, the last
three terms of the regression, CYCLE*TEMP, TEMP*COBLEND, and SEASON did not pro-
vide a significant improvement to the terms above them. Therefore, these last three terms were
dropped to produce the final technology-based model for NOy:

NOy 02 = VEHID EMSTECH*CYCLE EMSTECH*TEMP
EMSTECH*COBLEND*OXY

The statistics for this model are also given in Table 5-9 as Model 15. Note that the EMSTECH*-
COBLEND*OXY term is the least important in this regression. The terms for VEHID, CYCLE,
and TEMP were more important.

It is notable that at this point CYCLE*COBLEND and SEASON were still not significant,
just as they were found to be not significant in development of the preliminary modeling in Step 1.
These type of conclusions were reached by examining the partial F values for these effects. The
partial F evaluates the significance to the model of adding the effect after all other effects already
in the model were evaluated. For example, when CYCLE*COBLEND was added to Model 15,
the partial F value was only 0.3, the statistical significance was only 1%, and none of the 30 coef-
ficients in the matrix were significantly different from zero.

A parity plot can be used to show the goodness of fit of the final model to the data. A parity
plot is made of the model’s predicted values versus the measured values. Each point on the plot
is determined from each test condition in the study. If all the points fall on the 1:1, or parity, line,
then the model fits the data perfectly, and the r2 is 1.000. This rarely occurs. In practice the
points fall off the parity line to a degree and reflect the lack of fit of the model to the data and the
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Table 5-9
‘Comparison of NO, *? Technology Models

Number of
F r2 Signifi- CoefTicients
cance

Model 11 5292 0.926 99.99 80
VEHID 444 99.99
EMSTECH*CYCLE 46 99.99
EMSTECH*TEMP 10.4 99.99
EMSTECH*COBLEND*OXY 2.1 99.1
CYCLE*TEMP 1.8 94
TEMP*COBLEND 1.3 81
SEASON 0.2 31

Model 12 5740 0.921 99.99 69
VEHID 313 69.99
FUELSYS*CYCLE 57 99.99
FUELSYS*TEMP 7.6 99.99
FUELSYS*COBLEND*OXY 2.0 97.8
CYCLE*TEMP 1.9 95.2
TEMP*COBLEND 1.2 74
SEASON 0.1 39

Model 13 5011 0.891 99.99 58
VEHID 1008 99.99
CNSTR*CYCLE 1.6 83
CNSTR*TEMP 1.8 84
CNSTR*COBLEND*OXY 1.0 53
CYCLE*TEMP 1.0 67
TEMP*COBLEND 0.9 45
SEASON 0.2 33

Model 14 5489 0.893 99.99 54
VEHID 868 99.99
DISP*CYCLE 6.2 99.99
DISP*TEMP 5.5 99.6
DISP*COBLEND*OXY 1.0 57
CYCLE*TEMP 26 99.99
TEMP*COBLEND 13 78
SEASON 0.2 33
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Table 5-9

(Continued)
Number of
F r2 Signifi- Coefficients
cance
Model 15 7376 0.925 99.99 57

VEHID 442 99.99
EMSTECH*CYCLE 153 99.99
EMSTECH*TEMP 15.4 99.99
EMSTECH*COBLEND*OXY 3.6 99.99

55




uncertainty in the measured values. A parity plot is useful for getting a teel for the goodness of fit
of the model and for determining if there is an obvious bias at any part of the measurement range.

In this report, parity plots for all final regression models will be shown on a log scale because
of the wide range of measurement values. Figure 5-4 shows the parity plot for Model 15 for
NO,. This plot shows how well the model predicts the 1664 NO, measurements used in the re-
gression. The parity line has been drawn on the plot. Note that the predicted values follow the
measured values throughout their range.

8. Describe Effect of Parameters on Emissions. Many techniques can be used to describe the
size and significance of effects of the different parameters on the measured emissions. For this
NO, analysis, the matrix representation of the solution of the regression will be shown and how it
can be used to predict values of test conditions. Because such a matrix representation does not
indicate the uncertainty in the values for each parameter level but the SAS output listing does, for
each final regression of each emission type we will provide the SAS output listing in Appendix K.
Readers inexperienced in statistical analysis may not be able to understand all of the details of
these listings, but the listings will help the local statistician understand trends. For the reader not
familiar with SAS output, we will provide a plot with +2 standard deviation error bars for the
effects of the different blend types on emissions by technology type.

Figure 5-5 shows the matrix description of the effects of parameters on NOy emissions as de-
termined by regression Model 15. This figure is taken directly from the coefficients in the SAS
output in Appendix K. The SAS code used to generate this output is also included in Appendix K
as an example. The values for oxygenated blends in the EMSTECH*COBLEND matrix which
are significantly different from the Base blend are shown in bold. Note that Figure 5-5 can be
used to estimate the NOy, emissions for a specific test condition. For example, for Vehicle 6,
which has TWC/AL technology, driving the FTP cycle at 75°F with MTBE at 2.0% oxygen (the
Summer blend), the predicted NOy 2 would be 0.973 + (-0.085) + (-0.021) + (-0.0105)*(2.0)
= 0.846, and the NOy would therefore be 0.43 g/mi.

While this example demonstrates the meaning of the matrix description of the solution of the
regression, the main use of the solution matrices is to determine which effects are significant to
NOy emissions. To do this, the standard errors of estimate for each coefficient in the matrices are
used. By constructing a plot with the coefficient +2 standard errors of estimate for each element
of a matrix, the significance of each coefficient can be visualized. Such a plot can be made for
each matrix in the model statement; however, in this report we will show such a plot only for the
effects of blend type and oxygen content for different technologies on the emissions. Analogous
plots can be made for the other matrices in a regression, but perhaps more simply, the SAS out-
puts in the appendices provide the same information in a numerical rather than graphical means.

For NO, emissions, the plot of interest is for the regression term EMSTECH*COBLEND*-
OXY. Since OXY is the continuous variable for oxygen content, the matrix EMSTECH*CO-
BLEND provides multiplicative coefficients for OXY. Each coefficient represents the effect on
NO, 92 caused per percent of oxygen content. However, it is important to remember that this
should only be applied to oxygen levels between 2.0 and 2.7% oxygen.

The plot of effects on NOx 0.2 for blend type with respect to the Base blend for the different
technologies is shown in Figure 5-6. Note that if an effect is found to be significant in the trans-
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Nox 02

VEHID

EMSTECH*CYCLE

EMSTECH*TEMP

EMSTECH*COBLEND

*OXY

1 3WAL 0.986
2 3WNA 1.371
3 NON 1.297
4 3WAL 0.866
5 3WAL 0.953
6 IWAL 0.973
7 3WNA 1.195
8 3WAL 1.138
9 3WAL 0.785
10 (0).4' 1.302
11 3WNA 1.191
12 OXY 1.152
13 IWAL 0.810
3WA IWN

Bagl .035 .060
Bag2 -172 -.130
Bag3 -.104 -.024
FTP -.085 -.048
HFET -273 -.051
NYCC 0 0
50 -.007 -.088
75 -021 -.055
95 0 0
ETBE -0055 -.0026
EtOH -.0013 0090
EtOH/SB 0045 .0022
MTBE -0105 .0006
Low+OrigBase\ 0 0

Figure 5-5
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formed space (NO, "-2), then it will also be significant when the effect is taken back to the un-
transformed space (NO,). We must examine etfects for significance on plots in the transformed
space since that is where the variance is homogeneous. The error bars in the figure represent the
coefficient +2 standard errors of estimate taken from the SAS output in the appendix. If zero falls
outside of a set of error bars, then the corresponding condition produced NOy values significantly
different (at the 95% confidence level) from those produced by the Base blend. If the error bars
cross zero, then the corresponding condition is not significantly different from the Base blend.

Thus, for NOy, significant effects relative to the Base blend were seen for five conditions.
ETBE and MTBE showed reductions in NOy, for the TWC/AL vehicles in the test fleet. EtOH
showed increases in NOy for the TWC/NAL vebhicles in the test fleet. ETBE and EtOH showed
increases in NOy, for the oxy-catalyst vehicles in the test fleet.

For other combinations of EMSTECH and COBLEND, no significant differences at the 95%
confidence level were seen. This does not mean that effects are not present, but that with this
data set we can not be very confident that the differences seen are not caused by randomness
alone. The estimates of levels of confidence for all of the coefficients are given in the SAS output
in the appendix.

The figure can also be used to compare the effects relative to each other where neither is a
Base blend. This type of evaluation is done by considering pairs of effects; however, to evaluate
significance, the error bars of just one of the conditions should be considered. That is, if the cen-
ter point of the second condition falls outside of the error bars of the first condition, then there is
a significant difference at the 95% confidence level. For example, for the TWC/AL vehicles, the
figure shows that MTBE produced significantly lower NOy emissions than EtOH and EtOH/SB,
but that MTBE and ETBE produced about the same level of NOy emissions.

To estimate the size of effects in terms of grams per mile NOy, the effects must be "untrans-
formed.” The most common way to describe the effect of oxygenated fuels on emissions relative
to the base fuel is as the percent change in emissions. If the log transformation was used, the
effects measured in a regression of the log-transformed emissions becomes a constant percentage
emissions change which is independent of the base level of emissions. In this study, log transfor-
mations were usually found to describe the data best. But for other transformations, the percent-
age change in emissions depends on the base level of emissions and therefore must be calculated
for different emission levels.

For example, if the emission level for a given TWC/AL vehicle and given operating condition
on unoxygenated fuel was 2 g/mi, the predicted emission level for 2.0% MTBE would be estima-
ted by transforming the base emissions to NOy 0.2, making the effect correction for MTBE from
Figure 5-5, and "untransforming” the result by taking the fifth power to get the predicted NOy
emission: (2 0-2 + (-0.0105 * 2.0) )> = 1.82 g/mi, which is a 9% reduction in NOy. If the base
tevel had been 0.5 g/mi, then the reduction in NOy associated with MTBE would be 12%.

D. EVALUATION OF EXHAUST EMISSIONS

Tables 5-10 and 5-11 show the test matrices for the reference fuels and for the oxygenated
fuels, respectively. The reference fuels were tested to provide a baseline against which the results
of the oxygenated and base fuels could be compared.
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The oxygenated fuels test matrix shown in Table 5-11 shows the structure of the experimental
design used to measure the effects on exhaust emissions. All 13 test vehicles were planned to be
tested at each of three standard cycles, each of the five blend types at a high and low temperature,
and for both blend seasons. Speciation of the hydrocarbon emissions for seven vehicles was
planned to have been measured at all test conditions except for the HFET cycle, 95°F, and the
summer blends.

1. Responses to Reference Fuels The exhaust emissions of the test vehicles were measured

using two reference fuels. One was Indolene®(Fuel E) and the other was an industry average ref-
erence fuel (Fuel A). The exhaust CO, HC, and NOy emissions for tests using the reference fuels
are given in Tables 5-12, 5-13, and 5-14, respectively.

A comparison of the responses of the CO, HC, and NOy emissions for the thirteen vehicles
using the Summer Base fuel (Fuel M), the Winter Base fuel (Fuel N), and the Industry Average
fuel (Fuel A) are shown in Figures 5-7, 5-8, and 5-9. The three fuels have different blending
stocks and have nominal RVPs of 7.7 psi for M. 8.5 psi for A, and 9.7 psi for N. The data plotted
in the figures were all taken at 75°F. The measured emissions are plotted with a log scale because
of the large range of data values. The horizontal scale denotes the eighteen different combina-
tions of driving cycle and fuel. Within each of these eighteen bands, the data for each test is
plotted using a2 symbol which denotes the vehicle identity number. To help avoid overprinting, the
symbols within each band have been moved slightly left or right according to exhaust emission
control technology group. The order within each band from left to right is: TWC/AL, TWC/-
NAL, oxy-catalyst, and non-catalyst.

The figures provide a visual comparison of the Industry Average fuel A with the Summer and
Winter Base fuels M and N under different test conditions. In general, the figures show that while
test results varied among the fuels, the measured values were similar. The figures show that the
differences in emissions responses caused by these non-oxygenated fuels were smaller than differ-
ences produced by individual vehicies, exhaust emission control technologies, and driving cycle.
Thus, it is apparent that the Summer and Winter Base fuels produce exhaust emission behavior

Jor HC, CO, and NOy that is similar to that produced by an industry average fuel.

2. Exhaust Carbon Monoxide (CO). The results of the exhaust carbon monoxide measure-
ments are given in the table in Appendix D. This table is provided for documentation purposes
and for the reader to examine trends in the raw data. The CO emissions in grams per mile are
listed as a function of vehicle (VEHID), blend season (SEASON), temperature (TEMP), blend
type (BLENDTYP), and driving cycle (CYCLE). Test date (TESTDATE) is used in the table to
make the distinction between results from replicate tests.

The following preliminary class regression statement was used to evaluate the main effects of
the five parameters in the absence of any interactions:

InCO=VEHID CYCLE BLENDTYP TEMP SEASON

This analysis of variance indicated that the five parameters had the following order of magnitude
effect on the InCO:

CYCLE > VEHID >> TEMP > BLENDTYP > SEASON
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Evaluation of the transformation to be used for the CO emissions was made by regressions against
the following combination of effects:

VEHID VEHID*CYCLE VEHID*BLENDTYP TEMP SEASON
Both the CO emissions and the natural log of the CO emissions were regressed against these
parameters and the residuals were examined for homogeneity. The regression using linear CO
resulted in a funnel shaped residual pattern; the natural log of the CO emissions produced a homo-
geneous residual pattern. Therefore, the log of the CO emissions was the transformation chosen.
No outliers were detected in these regressions. All 1751 observations were used for subsequent

analyses.

Then, a long series of regressions was used to try to discover the best model statement which
would describe the CO emissions. The continuous oxygen concentration OXY was brought into
the model statement as the interaction with VEHID*BLENDTYP. In the process of performing
these regressions, several observations were made:

« The cycle had a strong effect on the CO emissions.
«  The individual vehicle had a strong effect on the CO emissions.

. There was a strong interaction between cycle and vehicle. That is, vehicles responded
differently to different cycles.

. There was a significant, but relatively weak, interaction between vehicle and blend
type. In other words, vehicles responded slightly differently to a given blend type.

« The interaction between cycle and blend type was weak and sometimes just significant
and sometimes not. This indicates that a given blend type produced about the same
size of CO emission change in one cycle as it did in another cycle.

« Blend season and temperature were difficuit to examine because of the small size of
the effects they produced, which tended to be buried in the noise of the data.

« Comparison of the CO responses of Fuel X (LowRVPWinterBase) and Fuel Y
(NewStockWinterBase) with Fuel N (WinterBase) by regression indicated that Fuel Y
was significantly different from Fuel N, but Fuel X was not significantly different from
Fuel N. Therefore, observations with Fuel Y were dropped from further considera-
tion for CO effects, and Fuels X and N were considered the same fuel for further CO
regressions. This left 1667 CO observations.

The best overall model which described the emissions of the individual vehicles was given by:

inCO = VEHID*CYCLE CYCLE*TEMP VEHID*TEMP SEASON
VEHID*BLENDTYP*OXY

The regression fit the measured CO values with a standard deviation of about 34%, the r2 was
0.941, and the model F was 465. The SAS output and parity plot of the regression are given in
Appendix K.

To assist in the assignment of general vehicle technology behavior factors, the vehicles which
have similar behavior can be classified together, Classifications were made by performing alter-
native regressions by substitution of technology parameters for vehicle parameters in the above
equation. The VEHIDs in VEHID*TEMP and VEHID*BLENDTYP*OXY were replaced with
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technology candidate parameters for emission control technology (EMSTECRH), fuel induction
system (FUELSYS), canister bottom type (CNSTR), or engine displacement (DISP). The
VEHID in VEHID*CYCLE was retained for these regressions, since the emissions performance
of individual vehicles within the same technology grouping will vary considerably due to the
idiosyncrasies of each individual vehicle.

The overall results of this exercise indicated that EMSTECH provided the best technology
grouping. The EMSTECH groups were Non-Catalyst, Oxy-Catalyst, TWC/NAL, and TWC/AL.
Then, the best exhaust CO regression model using EMSTECH groupings was found to be:

InCO = VEHID*CYCLE CYCLE*TEMP EMSTECH*TEMP
SEASON EMSTECH*BLENDTYP*OXY

The SAS output listing and the parity plot from this final technology-based regression are given in
Appendix K. From this regression, the effects on CO emissions relative to the combined base
fuels (Base and LowRVPBase) for the four EMSTECH groups are shown in Figure 5-10. Note
that the vertical axis is the percent change in CO with respect to the combined Base fuels for an
oxygenated fuel blend with 2.0% oxygen. Assuming linearity, the expected effects for 2.7%
oxygen fuel would be about 27/20 times the effects shown in the figure. The error bars give the
95% confidence limits on the mean value.

For the TWC/AL vehicles, none of the blend types produced significant reductions in CO, and
no blend type produced significantly lower CO than another blend type. For the TWC/NAL ve-
hicles, ETBE, EtOH, and MTBE produced significant decreases in CO, and ETBE produced
significantly lower CO than EtOH/SB. The two oxy-catalyst vehicles showed no significant dif-
ferences in CO from the Base blend, but again ETBE produced lower CO than EtOH/SB. The
non-catalyst vehicle showed significant reductions in CO for all blends, but no blend was superior
to the other blends within the uncertainty. Note for the first three technologies, the shape of the
CO emissions response with respect to blend type: ETBE tended to produce the fowest CO, and
EtOH/SB tended to produce the highest CO, but these tendencies were not always statistically
significant.

The regression also indicated that the summer blends produced 9 percent lower CO emissions
than the winter biends, and this difference was significant at the 95% confidence level. While the
oxygen content of the blends was different, the effect of oxygen content is accounted for in the
EMSTECH*BLENDTYP*OXY term of the regression.

3. Exhaust Total Hydrocarbons (HC). The resuits of the exhaust total hydrocarbons meas-
urements are given in the table in Appendix C. This table is provided for documentation purposes
and for the reader to examine trends in the raw data. The HC emissions in grams per mile are
listed as a function of vehicle (VEHID), blend season (SEASON), temperature (TEMP), blend
type (BLENDTYP), and driving cycle (CYCLE). Test date (TESTDATE) is used in the table to
make the distinction between results from replicate tests.

Figure 5-11 shows a plot of the measured HC versus the measured CO for each test condition.
This plot shows that vehicles and test conditions which tend to have low CO also tend to have
low HC, and that the HC emissions were about 10% of the CO emissions in terms of grams per
mile. Figures 5-12 to 5-24 show the plots of measured hydrocarbon versus measured CO for the
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13 individual vehicles on separate plots. These individual plots show that, with the exception of
Vehicle 10, in general, conditions which produce reductions in the exhaust CO also produce
reduced exhaust HC emissions. In the case of Vehicle 10, this also occurs up to a point. There,
conditions which produce measured CO values below 10 grams per mile are characterized by
measured HC emissions which do not go much below | gram per mile.

The following preliminary class regression statement was used to evaluate the main effects of
the five parameters in the absence of any interactions:

InHC = VEHID CYCLE BLENDTYP TEMP SEASON

This analysis of variance indicated that the five parameters had the following order of magnitude
effect on the InHC:

CYCLE > VEHID >> TEMP > SEASON > BLENDTYP

Evaluation of the transformation to be used for the HC emissions was made by regressions
against the following combination of effects:

VEHID VEHID*CYCLE VEHID*BLENDTYP CYCLE*TEMP SEASON

Both the HC emissions and the natural log of the HC emissions were regressed against these
parameters and the residuals were examined for homogeneity. The regression using linear HC
resulted in a funnel shaped residual pattern; the natural log of the HC emissions produced a homo-
geneous residual pattern. Therefore, the log of the HC emissions was the transformation chosen.
In the process of doing these regressions, no outliers were found. All 1751 HC observations were
used for subsequent analyses.

Then, a long series of regressions was used to try to discover the best model statement which
would describe the HC emissions. The continuous oxygen concentration OXY was brought into
the model statement as the interaction with VEHID*BLENDTYP. In the process of performing
these regressions, several observations were made:

¢ The cycle had a strong effect on the HC emissions.
¢ The individual vehicle had a strong effect on the HC emissions.

« There was a strong interaction between cycle and vehicle. That is, vehicles responded
differently to different cycles.

« There was a significant, but relatively weak, interaction between vehicle and blend
type. In other words, vehicles responded slightly differently to a given blend type.

o The interaction between cycle and blend type was not significant. This indicates that
a given blend type produced about the same size of HC emission change in one cycle
as it did in another cycle.

o Blend season and temperature were difficult to examine because of the small size of
the effects they produced, which tended to be buried in the noise of the data.

e Comparison of the HC responses of Fuel X (LowRVPWinterBase) and Fuel Y
{NewStockWinterBase) with Fuel N (WinterBase) by regression indicated that Fuel Y
was significantly different from Fuel N, but Fuel X was not significantly different from
Fuel N. Therefore, observations with Fuel Y were dropped from further considera-
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tion for HC effects, and Fuels X and N were considered the same fuel for further HC
regressions. This left 1667 HC observations.

The best overall model which described the emissions of the individual vehicles was given by:
InHC = VEHID*CYCLE CYCLE*TEMP SEASON VEHID*BLENDTYP*OXY

The regression fit the measured CO values with a standard deviation of about 37%, the r2 was
0.935, and the model F was 188. The SAS output and parity plot of the regression are given in
Appendix K.

To assist in the assignment of general vehicle technology behavior factors, the vehicles which
have similar behavior can be classified together. Classifications were made by performing alter-
native regressions by substitution of technology parameters for vehicle parameters in the above
equation. The VEHID in VEHID*BLENDTYP*OXY was replaced with technology candidate
parameters for emission control technology (EMSTECH), fuel induction system (FUELSYS),
canister bottom type (CNSTR), or engine displacement (DISP). The VEHID in VEHID*CYCLE
was retained for these regressions, since the emissions performance of individual vehicles within
the same technology grouping will vary considerably due to the idiosyncrasies of each individual
vehicle.

The overall results of this exercise indicated that EMSTECH provided the best technology
grouping. The EMSTECH groups were Non-Catalyst, Oxy-Catalyst, TWC/NAL, and TWC/AL.
The best exhaust HC regression model using EMSTECH groupings was found to be:

{nHC = VEHID*CYCLE CYCLE*TEMP SEASON EMSTECH*BLENDTYP*OXY

The SAS output listing and the parity plot from this final technology-based regression are given in
Appendix K. From this regression, the effects on HC emissions relative to the combined base
fuels (Base and LowR VPBase) for the four EMSTECH groups are shown in Figure 5-25. Note
that the vertical axis is the percent change in HC with respect to the combined Base fuels for an
oxygenated fuel blend with 2.0% oxygen. The expected effects for 2.7% oxygen fuel would be
about 27/20 times the effects shown in the figure. The error bars give the 95% confidence limits
on the mean value.

The plot shows that for the TWC/AL, ETBE produced significant reductions of exhaust
hydrocarbon emissions relative to the combined base fuels, but the other blends did not. Also,
ETBE has significantly lower HC than EtOH. For TWC/NAL vehicles, ETBE and MTBE blends
produced significant reductions in hydrocarbon emissions and were significantly lower than
FtOH/SB. EtOH and EtOH/SB did not produce significant HC reductions relative to the base
fiuels. For the two oxy-catalyst vehicles and the non-catalyst vehicle, the uncertainty in the reduc-
tions was great enough that for all blend types the reductions were not statistically significant.
Note for the first two technologies, the HC emissions response with respect to blend type: ETBE
and MTBE tended to produce the lower HC than EtOH and EtOH/SB, but this tendency was not
always statistically significant.

The regression also indicated that the summer blends produced 9 percent lower HC emissions
than the winter blends, and this difference was significant at the 95% confidence level. While the
oxygen content of the blends was different, the effect of oxygen content is accounted for in the
EMSTECH*BLENDTYP*OXY term of the regression.
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1 Joxhaust Total Nitrogen Oxides (NOy). The results of the exhaust NOy measurements are
given in the table in Appendix E. This table is provided for documentation purposes and for the
reader to examine trends in the raw data. The NOy emissions in grams per mile are listed as a
function of vehicle (VEHID), blend season (SEASON), temperature (TEMP), blend type
(BLENDTYP), and driving cycle (CYCLE). Test date (TESTDATE) is used in the table to make
the distinction between results from replicate tests.

Just as for exhaust HC, exhaust NOy can be compared with the exhaust CO measurements.
For all of the observations, this is done in Figure 5-26. This plot looks different than the plot
between HC and CO measurements. Instead of a relatively linear correlation between the two
parameters, the NOy versus CO plot is much more scattered. To help better visualize the rela-
tionships between NOy and CO, the plots for the data taken on individual vehicles are shown in
Figures 5-27 to 5-39. Three general trends with the data can be seen. For Vehicles 2,3, 7, 10,
and 12. the relationship between NOy and CO 1s flat. That is, as CO is reduced, NOy remains
about the same. For Vehicles 1, 5.8,11, and 13, as the measured CO drops, the measured NOy
drops slightly. For Vehicles 4, 6, and 9, as the measured CO drops, the measured NOy drops a
great deal. Vehicle 4 showed the greatest reduction in NOy with respect to the reduction in CO.

The following preliminary class regression statement was used to evaluate the main effects of
the five parameters on NOy in the absence of any interactions:

InNOy = VEHID CYCLE BLENDTYP TEMP SEASON

This analysis of variance indicated that the five parameters had the following order of magnitude
effect on the InNOy:

VEHID > CYCLE >> TEMP > BLENDTYP > SEASON

Evaluation of the transformation to be used for the NOy emissions was made by regressions
against the following combination of effects:

VEHID VEHID*CYCLE TEMP VEHID*BLENDTYP

The NOy emissions, the natural log of the NOy emissions, and NOy 0.2 were regressed against
these parameters and the residuals were examined for homogeneity. The regression using linear
NO, produced a funnel shaped residual pattern opening to the right; the natural log of the NOy
emissions produced a funnel shaped residual pattern opening to the left, and the NOXO»2 produced
a homogeneous residual pattern. Therefore, the NOy 0.2 was the transformation chosen. In the
process of doing these regressions, three data points were found to be outliers and were removed
from further regressions: Vehicle 6/75°/Fuel N/NYCC on 18MAR92 = 0.125 g/mi, Vehicle
13/95°/Fuel UNYCC on 21AUG92 = 1.348 g/mi, and Vehicle 6/95°/Fuel M/NYCC on SMAY92
=539 g/mi. This left 1748 data points to be analyzed.

Then, a long series of regressions was used to try to discover the best model statement which
would describe the NOy, emissions. The continuous oxygen concentration OXY was brought into
the model statement as the interaction with VEHID*BLENDTYP. In the process of performing
these regressions, several observations were made:

«  The individual vehicle had a strong effect on the NOy emissions.

« The cycle had a strong effect on the NOy emissions.
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» There was a strong interaction between cycle and vehicle. That is, vehicles responded
differently to different cycles.

+ There was a significant. but relatively weak, interaction between vehicle and blend
type. In other words, vehicles responded slightly differently to a given blend type.

o The interaction between cycle and blend type was not significant. This indicates that
a given blend type produced about the same size of NOy emission change in one cycle
as it did in another of the cycles tested.

« Blend season produced no significant effects on NOy in any of the regressions tested.

o Comparison of the NOy responses of Fuel X (LowRVPWinterBase) and Fuel Y
(NewStockWinterBase) with Fuel N (WinterBase) by regression indicated that Fuel Y
was significantly different from Fuel N, but Fuel X was not significantly different from
Fuel N. Therefore, observations with Fuel Y were dropped from further considera-
tion for NOy effects, and Fuels X and N were considered the same fuel for further
NOy regressions. This left 1664 NOy observations.

The best overall model which described the emissions of the individual vehicles was given by:
NO,%? = VEHID VEHID*CYCLE VEHID*TEMP
VEHID*BLENDTYP*OXY

The regression fit the measured NOy 02 values with a standard deviation of about 0.047, the r2
was 0.960. and the model F was 4828. The SAS output and parity plot of the regression are
given in Appendix K.

To assist in the assignment of general vehicle technology behavior factors, the vehicles which
have similar behavior can be classified together. Classifications were made by performing alter-
native regressions by substitution of technology parameters for vehicle parameters in the model
statement above. The VEHID:s in the three interactions were sequentially replaced with technol-
ogy parameters for emission control technology (EMSTECH), fuel induction system (FUELSYS),
canister bottom type (CNSTR), or engine displacement (DISP). The main effect of VEHID was
retained for these regressions, since the emissions performance of vehicles within the same tech-
nology grouping will vary considerably due to the idiosyncrasies of each individual vehicle.

The overall results of this exercise indicated that EMSTECH provided the best technology
grouping. The EMSTECH groups were Non-Catalyst, Oxy-Catalyst, TWC/NAL, and TWC/AL.
Then. the best exhaust NOy, regression model using EMSTECH groupings was found to be:

NO,Y2 = VEHID EMSTECH*CYCLE EMSTECH*TEMP
EMSTECH*BLENDTYP*OXY

The SAS output listing and the parity plot from this final technology-based regression are given in
Appendix K. From this regression, the effects on NOy emissions relative to the combined base
fuels (Base and LowRVPBase) for the four EMSTECH groups are shown in Figure 5-40. Note
that the vertical axis is the change per percent oxygen with respect to the combined Base fuels of
NOy measured in grams per mile and raised to the 0.2 exponent. The error bars give the 95%
confidence limits on the mean value.
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Figure D—4U

Effect of Blend Type on NOx Emissions
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Because the magnitude of effects in NQ,"-2 by the blends are difficult to visualize in terms of
untransformed NOy, Figure 5-41 is provided. Reductions in NOy"-2 cannot be expressed as a
constant reduction in NOy or as a constant percent reduction in NOK Therefore, the figure
shows the percent reductnon in NOy relative to a base fuel emission level of 1 g/mi for each blend
type with a 2.0% oxygen content. The percent reductions for other base fuel emission levels and
other oxygen contents can be caiculated using the regression results given in Appendix E.

From Figure 5-41 several observations can be made. For the TWC/AL vehicles, ETBE and
MTBE produced significant reductions in NOy, and EtOH/SB produced significantly higher NOy
than all three other blend types. For the TWC/NAL vehicles, EtOH produced a significant
increase in NOy, but EtOH/SB did not. ETBE and MTBE produced significantly lower NOy
than EtOH. The two oxy-catalyst vehicles showed significant increases in NOy, for ETBE and
EtOH and no significant changes for the other blends. The non-catalyst vehicle did not show .
significant changes in NOy, for any of the blends.

Other regressions indicated that the summer blends and the winter blends had no difference in
NOy emissions. While the oxygen contents of the blends were different, the effect of oxygen con-
tent is accounted for in the EMSTECH*BLENDTYP*OXY term of the regression.

5. Estimated Photochemical Reactivity of Exhaust Hydrocarbons. The results of the exhaust
estimated ozone production (EQP) calculations are given in the table in Appendix F. This table is
provided for documentation purposes and for the reader to examine trends in the raw data. The
EOP for each test condition was determined by calculating the scalar product of the Carter reac-
tivity factors (MIR) and the speciation results for volatile organic compounds (VOC) for each
test. For exhaust emissions, the speciation results are in grams of VOC per mile and the MIR
values are in grams of ozone per gram of VOC; therefore, the EOP for each test is in grams of
ozone per mile. The EOP is listed as a function of vehicle, blend season, temperature, blend type,
and driving cycle. Test date is used in the table to make the distinction between results from rep-
licate tests. EQP results are available only for vehicles 1, 2, 3, 4, 5, 9, and 12, because speciations
were performed on emissions from only these vehicles.

The estimated ozone production can be compared with the measured VOC emissions for each
test to determine how the effective reactivity of the hydrocarbon emissions changes for different
emission levels for the test vehicles. This comparison is provided in Figure 5-42. The estimated
ozone production is plotted on the vertical axis in grams of ozone per mile. The horizontal axis
shows the total VOC emissions which were calculated by summing the speciated results for each
test. Also plotted in the figure are two lines which represent where the data points would fall if
the overall reactivity factor for each test was 1 and 4. When the data points are compared with
these two lines, it can be seen that, for VOC emission levels in this test program above 1 gram per
mile. the overall effective Carter reactivity factor was about 4. For vehicles and test conditions
which produced VOC emissions lower than 1 gram per mile, the effective Carter reactivity factor
for the hydrocarbon emissions as a whole dropped. In addition, at the lower VOC levels, there is
increased scatter in the data. This may be due to experimental error in the speciation measure-
ments; however, other factors related to vehicle emission control systems could also be causing
values to disperse.
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The following preliminary class regression statement was used to evaluate the main effects of
the five parameters on the exhaust estimated ozone production (EXEOP) in the absence of any
interactions:

IREXEOP = CYCLE VEHID BLENDTYP TEMP SEASON

This analysis of variance indicated that the tive parameters had the following order of magnitude
effect: ’ :

VEHID > CYCLE >> BLENDTYP > TEMP > SEASON

The evaluation of the transformation to be used for the EOP levels was made by regressions
against the following combination of effects:

VEHID VEHID*CYCLE TEMP SEASON BLENDTYP

Both the EOP and the natural log of the EOP were regressed against these parameters and the
residuals were examined for homogeneity. The regression using linear EOP resulted in a funnel-
shaped residual pattern; the natural log of the EOP produced a homogeneous residual pattern.
Therefore, the log of the EOP was the transformation chosen. In the process of doing these
regressions, three data points were found to be outliers and were removed from further regres-
sions: Vehicle 5/50°F/Fuel Y/NYCC on 11AUG92 = 9.444 g O3/mi, Vehicle 5/75°F/Fuel O/Bag3
on 10FEB92 = 2.503 g O3/mi, and Vehicle 2/75°F/Fuel Q/Bag2 on 20FEB92 = 0.180 g O3/mi.
This left 857 observations left for subsequent analyses.

Then. a long series of regressions was used to try to discover the best model statement which
would describe the exhaust EOP. The continuous oxygen concentration OXY was brought into
the model statement as the interaction with VEHID*BLENDTYP. In the process of performing
these regressions, several observations were made:

« The individual vehicle and the driving cycle had an almost overwhelming effect on the
exhaust EOP.

« There was a strong interaction between cycle and vehicle, that is, vehicles responded
differently to different cycles.

« There was a significant interaction between vehicle and blend type: in other words,
vehicles responded differently to a given blend type.

« The interaction between cycle and blend type was not significant. This indicates that
a given blend type produced about the same size of exhaust EOP change in one cycle
as it did in another cycle.

« Blend season was not found to be important in any of the regressions that were
attempted. '

o Comparison of the exhaust EOP responses of Fuel X (LowRVPWinterBase) and Fuel
Y (NewStockWinterBase) with Fuel N (WinterBase) by regression indicated that Fuel
X and Fuel Y were not significantly different from Fuel N. Therefore, observations
with Fuels X, Y, and N were considered the same base fuel for further exhaust EOP
regressions.

The best overall model which described the exhaust EOP for individual vehicles was given by:
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InEXEOP = VEHID*CYCLE CYCLE*TEMP VEHID*BLENDTYP*OXY SEASON

Blend season was not found to be significant, but was included in the regression because it was
significant in the HC emissions regression. The SAS output listing and the parity plot from this
regression are given in Appendix K.

To assist in the assignment of general vehicle technology behavior factors, the vehicles which
have similar behavior can be classified together. Classifications were made by performing alter-
native regressions by substitution of technology parameters for vehicle parameters in the above
equation. The VEHID in VEHID*BLENDTYP*QXY was replaced with technology candidate
parameters for emission control technology, fuel induction system, canister bottom type, or engine
displacement. The VEHID in VEHID*CYCLE was retained for these regressions since the
emissions performance of individual vehicles within the same technology grouping will vary con-
siderably due to the idiosyncrasies of each individual vehicle.

The overall results of this exercise indicated that FUELSYS provided the best technology
grouping; however, EMSTECH, which provided the best technology grouping for total hydrocar-
bon exhaust emissions, was a very close second. Therefore, we chose to use EMSTECH as the
regression technology grouping since it was found to be best for exhaust CO, HC, and NO, emis-
sions. It should also be noted that only the EMSTECH category level of TWC/AL has more than
one vehicle (1, 4, 5, 9); the other category levels have only one vehicle each. Therefore. using
EMSTECH*BLENDTYP*OXY instead on VEHID*BLENDTYP*OXY really only indicates
pooled resuits for TWC/AL vehicles. Thus. the good exhaust EOP regression model was found
to be:

InEXEOP = VEHID*CYCLE EMSTECH*BLENDTYP*OXY CYCLE*TEMP
SEASON

The SAS output listing and the parity plot from this final technology-based regression are given in
Appendix K. From this regression, the effects of the four blend types on the exhaust EOP of the
four technology groups relative to the combined base fuels are shown in Figure 5-43. This plot
shows significant reductions in the exhaust estimated ozone production of the TWC/AL and
TWC/NAL vehicles for the ETBE and MTBE blends relative to the combined bases. Also, ETBE
produced significantly lower exhaust EOP than the other three blends for the TWC/AL vehicles.
EtOH for the non-catalyst vehicle showed a significant reduction. The EtOH/SB and MTBE
produced a significant increase for the oxy-catalyst vehicle. Other effects relative to the base fuel
were not significant.

The regression also indicated that the summer blends produced 8 percent lower exhaust esti-
mated ozone production levels than the winter blends, and this difference was significant at the
95% confidence level. Note that the summer and winter blends had volatility differences of 2 psi
and had different base blending stocks. While the oxygen content of the blends was different, the
effect of oxygen content is accounted for in the EMSTECH*BLENDTYP*OXY term of the
regression.

6. Exhaust Toxics. There are four exhaust toxics of concern in this study: benzene. formal-
dehyde, acetaldehyde, and 1,3-butadiene. Each of these is examined in a separate section below.
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a. Exhaust Benzene Emissions--The exhaust benzene emission values are given in Appendix I.
They are listed as a function of vehicle, blend season, temperature, blend type. and test date. Only
ten of the exhaust benzene values are less than or equat to 0.0000 grams per mile. These low
values occurred for some test conditions for Bag 2 of the FTP on Vehicles | and 5.

The regression of the exhaust benzene (EXHBZ) values was performed using the individual
vehicle model that was found to be best for the total hydrocarbon exhaust emissions:

InEXHBZ = VEHID*CYCLE CYCLE*TEMP SEASON VEHID*BLENDTYP*OXY

A linear transformation of the exhaust benzene values was attempted and the log transformation
was found to be much superior in terms of the homogeneity of the residuals. In the process of
performing the regressions, no outlier values were detected. All 849 observations were used for
subsequent analyses.

Comparison of the exhaust benzene responses of Fuel X (LowRVPWinterBase) and Fuel Y
(NewStockWinterBase) with Fuel N (WinterBase) by regression indicated that Fuel Y was sig-
nificantly different from Fuel N, but Fuel X was not significantly different from Fuel N. There-
fore, observations with Fuel Y were dropped from further consideration for exhaust benzene
effects, and Fuels X and N were considered the same fuel for further exhaust benzene regressions.
This left 808 exhaust benzene observations.

The results of this model indicated that all four terms of the regression statement had signifi-
cant effects on the exhaust benzene levels. The SAS output and parity plot of the regression are
given in Appendix K. Because this regression contained only seven vehicles, an attempt to justify
the grouping of vehicles by a particular technology parameter was not attempted. Instead, the
same technology parameter as was used for the total exhaust hydrocarbon emissions was used.
Thus. the final regression statement became:

InEXHBZ = VEHID*CYCLE CYCLE*TEMP SEASON EMSTECH*BLENDTYP*OXY

This regression fit the data with an r2 0f 0.919 and an error on the exhaust benzene values of
about 41%. Every term in the regression was significant. The SAS output and panity plot of the
regression are given in Appendix K. The effect of BLENDTYP on the four categories of EMS-
TECH is shown in Figure 5-44. 1t is important to note that the TWC/AL category is represented
in this data by Vehicles 1, 4, 5, and 9. However, the other three categories are represented by one
vehicle each: TWC/NAL by Vehicle 2, oxy-catalyst by Vehicle 12, and non-catalyst by Vehicle 3.

The figure shows that for TWC/AL vehicles, ETBE, MTBE, and EtOH/SB blends produced,
relative 1o the base, significant reductions in the exhaust benzene, and the EtOH blend did not
produce a significant reduction. In addition, it can be seen that ETBE produced reductions sig-
nificantly larger than all of the other three blends. The TWC/NAL vehicle also responded with
significant reductions for ETBE and ETBE. Also, ETBE and MTBE had benzene emissions that
were significantly lower than for EtOH blends. The oxy-catalyst vehicle showed benzene in-
creases relative to the base for EtOH/SB and MTBE. For the non-catalyst vehicle, all oxygenated
blends gave significant benzene reductions.

The regression also indicated that the summer blends produced 8 percent higher exhaust ben-
zene emissions than the winter blends. but this difference was not significant at the $5% confi-
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dence level. While the oxygen content of the blends was different. the effect of oxygen content is
accounted for in the EMSTECH*BLENDTYP*OXY term of the regression.

b. Exhaust Formaldehyde Emissions--The exhaust formaldehyde emissions data is presented in
Appendix 1. Of all the values that are there, only 39 are less than or equal to 0.0000 grams per
mile. As a result of the regressions that were performed on the data, seven data points were
found to be outliers: Vehicle 4/50°F/Fuel P/Bag! on 21AUG9Y1 = 0.8138 g/mi, Vehicle 1/75°F/-
Fuel PANYCC on 17JANO2 = 0.0263 g/mi, Vehicle 3/50°F/Fuel R’-HFET on 9SEP91 = 0.0014
g/mi, Vehicle 4/50°F/Fuel P/Bag3 on 2]1AUG91 = 0.2254 g/mi, Vehicle 4/75°F/Fuel T/NYCC on
24FEB92 = 0.0089 g/mi, Vehicle 5/50°F/Fuel Y/NYCC on 11AUG92 =0.01135 g/mi, and Vehicle
9/75°F/Fuel VINYCC on SAUG92 = 0.0124 g/mi. These outliers were not considered in subse-
quent examination of the formaldehyde data. This left 804 formaldehyde observations left for
subsequent analyses.

Modeling of the exhaust formaldehyde emissions was performed using the same model as for
the individual vehicles for the total hydrocarbon emissions. Several different transformations were
attempted to find the most homogeneous residual pattern. The best was to raise the formaldehyde
concentrations to an exponent of 0.2. However, the result which was obtained in terms of regres-
sion results was close to that which was obtained using a log transformation. Therefore. the log
transformation was used for simplicity of interpretation.

Comparison of the formaldehyde responses of Fuel X (LowRVPWinterBase) and Fuel Y
{NewStockWinterBase) with Fuel N (WinterBase) by regression indicated that Fuel X and Fuel Y
were not significantly different from Fuel N. Therefore, observations with Fuels X, Y, and N
were considered the same base fuel for further formaldehyde regressions.

For the final model, VEHID was replaced on BLENDTYP using EMSTECH. which is the
technology parameter which was found to be best for the total hydrocarbon emission regression.
Thus. the final technology-based emission regression model for exhaust formaldehyde (EXH-
FORM) was:

INEXHFORM = VEHID*CYCLE CYCLE*TEMP SEASON
EMSTECH*BLENDTYP*OXY

The effects of BLENDTYP on the exhaust formaldehyde emissions as found by this regression are
shown in Figure 5-45. The SAS output and parity plot of the regression are given in Appendix K.
It is important to remember that the TWC/AL category is represented by four vehicles, but the
other three categories are each based on measurements from only one vehicle.

The figure shows that the only significant effects were increases in formaldehyde and were
found for TWC/AL vehicles for ETBE and for the oxy-catalyst vehicle for MTBE blends. The
other effects relative to the combined base fuels were not significant.

The overall trend in the response of exhaust formaldehyde to the four blend types seems to be
inverted compared with the CO, HC, NOy, and benzene emissions. That is, in general, ETBE and
MTBE produced higher formaldehyde emissions than did the EtOH and EtOH/SB blends; how-
ever. most of these trends are not statistically significant. The regression also indicated that the
summer blends produced 14 percent lower formaldehyde emissions than the winter blends, and
this difference was significant at the 95% confidence level. While the oxygen content of the

115



$0s5°)01d}

Abojouyda} j04ju0) UOoISSIWT }snNoyx3

NON AXO NME YME
3SA[RII-UON NON - Ov— a.._vu
IsA[e3jed-Axg  AXO w
Butuaeal o/m 18] AEN-E NNE 8S/H033 o o
han- - 0€~ 3
mc.:gm_mwv&-wwunu eM-€  VME Hoy3 Y843 —~
T O
a
HO33 L 7 —
0 (174 Ruu
3013 T es/u0a i o
HQ33 1 [ o= 3
. 85/H033 T 301N I
T F0IN T ) O
3843 T i T
e e e el e e o .Illlllllll.lllvll.llII'III'II'.IIIIIIL |||||| 1°
] T o
P
- o O
1 i -0l O =
- ~
L 1 3813 <
4 b - (]
] 1 0T g
4 T a3
1 o
1 rof &
[ -
(o]
1 4
; ' 2N
| L o
+ A
- o
L ; r 0s %
y ~
e 6
®
-09 O

Ax0¢dA)puajqeyoa)swa u0S0as dwa)+a(24D 3|2A2+PIYaA = WIOJU| ISPON

suolssiwy apAyapreuwido,] uo ad£ ] puaig jo 109}14

Gy~—G @4nbiy



blends was difterent, the effect of oxygen content is accounted for in the EMSTECH*BLEND-
TYP*OXY term of the regression.

c. Exhaust Acetaldehyde Emissions--The exhaust acetaldehyde emission values as a result of
the speciated emission measurements are shown in Appendix I. Forty-one of the values shown
have values less than or equal to 0.0000 grams per mile. As a result of the regressions examining
this data, one outlier was identified: Vehicie 3/50°F/Fuel RZHFET on 9SEP91 = 0.0010 g/mi.
This outlier was not considered in subsequent examination of the acetaldehyde data. This left 805
observations to be analyzed.

Regression analysis of the exhaust acetaldehyde (EXHACET) data began with the same re-
gression model statement as that for the total exhaust hydrocarbon emissions, the exhaust benzene
emissions, and the exhaust formaldehyde emissions. Various transformations of the acetaldehyde
data were tried to find the best transformation which produced the most homogeneous residuals.
This was found to be an exponent of 0.3. The result of this transformation was noticeably differ-
ent from the log and linear transformations and, it was retained for the remainder of the analysis.

Companson of the exhaust acetaldehyde responses of Fuel X (LowR VPWinterBase) and Fuel
Y (NewStockWinterBase) with Fuel N (WinterBase) by regression indicated that Fuel Y was
significantly different from Fuel N, but Fuel X was not significantly different from Fuel N. There-
fore, observations with Fuel Y were dropped from further consideration for exhaust acetaldehyde
effects, and Fuels X and N were considered the same fuel for further exhaust acetaldehyde regres-
sions. This left 764 exhaust acetaldehyde observations.

For the best individual vehicle model, the interactions VEHID*CYCLE, CYCLE*TEMP, and
VEHID*BLENDTYP*OXY were found to be significant. SEASON was not significant, but was
retained in the regression to estimate the size of the SEASON effect. The SAS output and parity
plot of the individual regression are given in Appendix K. Then, the interaction VEHID*-
BLENDTYP*OXY was replaced with EMSTECH*BLENDTYP*OXY to measure the effect of
blend type for the different technologies. Thus, the final regression statement became:

EXHACET 03 = VEHID*CYCLE CYCLE*TEMP SEASON
EMSTECH*BLENDTYP*OXY

This produced an r2 of 0.945 and predicted the EXHACET 03 levels with a standard deviation of
about 0.027. The SAS output and parity plot of the regression are given in Appendix K.

The effect of BLENDTYP on the exhaust EXHACET 93 is shown in Figure 5-46. Because
the magnitude of effects in EXHACET Y3 by the blends are difficult to visualize in terms of un-
transformed EXHACET, Figure 5-47 is provided. Reductions in EXHACET 9-3 cannot be ex-
pressed as a constant reduction in acetaldehyde or as a constant percent reduction in acetalde-
hyde. Therefore, Figure 5-47 shows the percent reduction in acetaldehyde relative to a base fuel
emission level of 10 mg/mi for each biend type with a 2.0% oxygen content. The percent reduc-
tions for other base fuel emission levels and other oxygen contents can be calculated using the
regression resuits given in Appendix K.

Figure 5-47 shows significant increases in the acetaldehyde emissions were produced relative
to the Base by ETBE, EtOH, and EtOH/SB for all four vehicle technology groups. On the other
hand, no difference was seen for MTBE for any of the technologies. Also, the figure indicates
that TWC/AL technology vehicles produced significantly lower acetaldehyde emissions than the
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older technologies: however, it is important to remember that the older technologies are repre-
sented by one vehicle each. At the conditions used to create Figure 5-47, ETBE, EtOH, and
1:tOH/SB blends produced acetaldehyde increases of about 20% for TWC/AL vehicles and
increases of about 80% for the other three, older technologies.

The regression also indicated that the summer blends and winter blends had no difference in
acetaldehyde emissions. While the oxygen content of the blends was different, the effect of oxy-
gen content is accounted for in the EMSTECH*BLENDTYP*OXY term of the regression.

d. Exhaust ! 3-Butadiene Emissions--The exhaust 1.3-butadiene emission measurements are
shown in Appendix I. Of all the values shown, a large number, 242, of the values are less than or
equal to 0.0000 grams per mile. In fact, for Vehicles 1, 4, and 5, virtually all of the measured 1,3-
butadiene values for Bag 2, Bag 3, HFET, and NYCC are 0.0000 grams per mile. These three
vehicles have TWC/AL. technology on multipoint fuel-injection systems. They are the only vehi-
cles in the speciated test group which have this combination of technologies. Vehicle 9, which
has TWC/AL and a throttle body fuel-injection system. also had Bag 2 with 0.0000 grams per
mile for 1,3-butadiene emission values.

The same initial regression model statement as was used for the total exhaust hydrocarbon
emissions, exhaust benzene, exhaust formaldehyde, and exhaust acetaldehyde was used. Various
transformations of the 1,3-butadiene measurement values were used to search for homogeneous
residuals. It was found that the 0.3 exponent transformation EXH13BUT?-3 provided the best
description. As a result of the regression of this data, no outliers were found. All 627 observa-
tion were used for subsequent analyses.

Comparison of the 1,3-butadiene responses of Fuel X (LowRVPWinterBase) and Fuel Y
(NewStockWinterBase) with Fuel N (WinterBase) by regression indicated that Fuel X and Fuel Y
were not significantly different from Fuel N. Therefore, observations with Fuels X, Y, and N
were considered the same base fuel for further 1,3-butadiene regressions.

The SAS output and parity plot of the best individual vehicle regression are given in Appen-
dix K. The model statement had the following form:

EXHBUT 03 = VEHID*CYCLE CYCLE*TEMP SEASON
VEHID*BLENDTYP*OXY

For the final model, the VEHID*BLENDTYP*OXY interaction was replaced with EMSTECH*-
BLENDTYP*OXY, as was used in the total hydrocarbon emissions regression. This produced a
regression with an r2 of 0.920 and predicted the measured EXH13BUT"3 values with an error of
0.026. It should be noted that the predicted values for those conditions for Vehicles 1, 4, 5, and
9. which had measured values of 0, were not always close to 0. The reason for this is that when
an exponentiation transformation is performed, measured values of 0 do not get transformed by
SAS into the new data space. Therefore, these values cannot be used to estimate regression co-
efficients. Consequently, the regression for exhaust 1,3-butadiene may be less reliable than those
of the other exhaust toxic compounds which were investigated in this section.

The predicted effects of the blend types on the four vehicle technology categories of EXH13-
BUTY-3 are shown in Figure 5-48. Note that each of the four technologies is represented by a
single vehicle for these results. Because the magnitude of effects in EXH13BUTO-3 by the blends
are difficult to visualize in terms of untransformed EXH13BUT, Figure 5-49 is provided. Reduc-
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fions in EXH13BUT®.3 cannot be expressed as a constant reduction in 1,3-butadiene or as a con-
stant percent reduction in 1,3-butadiene. Therefore, Figure 5-49 shows the percent reduction in
I.3-butadiene relative to a base fuel emission level of 10 mg/mi for each blend type with a 2.0%
oxygen content. The percent reductions for other base fuel emission levels and other oxygen
contents can be calculated using the regression results given in Appendix 1.

The results in Figure 5-49 show that for the TWC/AL vehicle, ETBE produced significantly
Jower exhaust 1,3-butadiene emissions, and MTBE was almost significant. For the TWC/NAL
vehicle. the ETBE, EtOH/SB, and MTBE blends produced significantly lower exhaust 1,3-buta-
diene emissions than the combined base fuels. The oxy-catalyst vehicle showed a significant in-
crease in 1,3-butadiene for EtOH/SB with respect to the base blends. The non-catalyst vehicle
produced significant reductions of 1,3-butadiene for all oxygenated blends. Note that there was a
general trend for ETBE and MTBE to produce lower 1.3-butadiene emissions that EtOH and
EtOH/SB: however, these trends were not always statistically significant.

The regression also indicated that the summer blends produced 10 percent lower 1,3-butadi-
ene emissions than the winter blends, and this difference was significant at the 95% confidence
level. While the oxygen content of the blends was different, the effect of oxygen content is
accounted for in the EMSTECH*BLENDTYP*OXY term of the regression.

E. EVALUATION OF EVAPORATIVE EMISSIONS

Tables 5-15 and 5-16 show the test matrices for the reference fuels and for the oxygenated
fuels, respectively. The reference fuels were tested to provide a baseline against which the results
of the oxygenated and base fuels could be compared.

The oxygenated fuels test matrix shown in Table 5-16 shows the structure of the experimental
design used to measure the effects on evaporative emissions. All 13 test vehicles were planned to
be tested at each of the five blend types, for both blend seasons. and at a low and high tempera-
ture for the summer blends, and at only 75°F for the winter blends. Running loss tests were per-
formed only for the summer blends at 95°F. Speciation of hydrocarbon emissions for seven of the
vehicles which underwent diurnal and hot soak testing was planned for all test conditions. Alco-
hol speciation of the evaporative emissions was performed only in those cases where Ethanol
(EtOH) or Ethanol Splash Blend (EtOH/SB) was the test fuel and aldehyde speciation was not
performed on any of the evaporative emissions tests, since these compounds are only produced by
combustion and, therefore, would not be present in evaporative emissions.

1. Evaporative Emission Responses to Reference F uels. The responses of the vehicles to the

evaporative emission testing with Indolene® (FUELID E) and industry average fuel (FUELID A)
are shown in Table 5-17 for diurnal, hot soak, and running loss evaporative emissions.

A comparison of the responses of the diurnal and hot soak emissions for the thirteen vehicles
using the Summer Base fuel (Fuel M), the Winter Base fuel (Fuel N), and the Industry Average
fuel (Fuel A) are shown in Figures 5-50 and 5-51. The three fuels have different blending stocks
and have nominal RVPs of 7.7 psi for M, 8.5 psi for A, and 9.7 psi for N. The data plotted in the
figures were all taken at 75°F. The measured emissions are plotted with a log scale because of the
large range of data values. The horizontal scale denotes the nine different combinations of fuel
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induction system type and fuel. Within each of these nine bands, the data for each test is plotted
using a symbol which denotes the vehicle identity number as shown in the figure titles.

The figures provide a visual comparison of the Industry Average (Fuel A) with the Summer
and Winter Base (Fuels M and N) under different test conditions. In general, the figures show
that while test results varied among the fuels. the measured values were similar. For diurnal and
hot soak emissions, the carburetted vehicles produced higher emissions on the average than the
fuel-injected vehicles. Within fuel induction system type, emissions showed a tendency to be
higher at higher fuel volatility (M < A <N). From this, it is apparent that the Summer and Winter
Base fuels produce evaporative emissions behavior that are similar to that produced by an Indus-
try Average fuel. The figures show that the differences in emissions responses caused by these
unoxygenated test fuels were smaller than differences produced by individual vehicles and fuel
induction system technology.

2. Total Diurnal Emissions (D!). The results of the evaporative diurnal emissions measure-
ments are given in the table in Appendix G. This table is provided for documentation purposes
and for the reader to examine trends in the raw data. The DI emissions in grams are listed as a
function of vehicle, blend season, temperature, and blend type. Driving cycle was not a parameter
which was investigated. Test date is used in the table to make the distinction between results
from replicate tests.

The following preliminary class regression statement was used to evaluate the main effects of
the four parameters in the absence of any interactions:

InDI = VEHID BLENDTYP TEMP SEASON

This analysis of variance indicated that the four parameters had the following order of magnitude
effects on the InDI:

TEMP > VEHID > SEASON > BLENDTYP

Graphical and tabular examination and preliminary regressions of the data indicated that
VEHID, VEHID*TEMP, and VEHID*SEASON had significant effects on DI emission levels,
but the interaction VEHID*BLENDTYP was weak. This indicates that vehicles are responding
differently to temperature and blend season, but are responding in the same way to the different
fuel blends. Therefore, evaluation of the transformation to be used for the DI emissions was made
by regression against the following combination of effects:

VEHID VEHID*TEMP VEHID*SEASON BLENDTYP

Additional regressions indicated that the natural log of the diumnal emissions was a reasonable
transformation to be used. In addition. five data points seem to be outliers in the regression:
Vehicle 1/95°/Fuel U on 200CT92 = 5.234 grams, Vehicle 1/75°/Fuel N on 10AUG92 = 1.262
grams, Vehicle 3/75°/Fuel O on 27FEB92 = 14.719 grams, Vehicle 3/75°/Fuel N on 120CT92 =
21.158 grams, and Vehicle 8/75°/Fuel V on 21JAN92 = 1.069 grams. These diurnal test resuits
appear to be outliers, both in terms of the regression and in terms of examination of the data in
Appendix G. The values were left out of further examination of the data. This left 200 observa-
tions on 13 vehicles to be analyzed.

A series of regressions was used to try to discover the best model statement which would de-
scribe the DI emissions. The continuous oxygen concentration OXY was brought into the model
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statement as the interaction with VEHID*BLENDTYP. In the process of performing these re-
gressions. several observations were made:

« The individual vehicle had a strong effect on the DI emissions.

« The higher emitting vehicles tended to be more sensitive to TEMP and SEASON than
the lower emitting vehicles.

« Vehicles which tended to be more sensitive to temperature changes were also found
to be more sensitive to blend season changes.

The best overall model which described the emissions of the individual vehicles was given by:
InDI = VEHID VEHID*TEMP VEHID*SEASON VEHID*BLENDTYP*OXY

The regression fit the measured DI values with a standard deviation of about 40%, the r2 was
0.954. and the model F was 26. The SAS output and parity plot of the regression are given in
Appendix K.

To assist in the assignment of general vehicle technology behavior factors, the vehicles which
have similar behavior can be classified together. Classifications were made by performing alter-
native regressions by substitution of technology parameters for vehicle parameters. The VEHID
in the equation above for VEHID*TEMP, VEHID*SEASON, and VEHID*BLENDTYP was
replaced with technology candidate parameters for a carburetted/fuel-injected parameter
(CARBEFI) and canister bottom type (CNSTR), which are the only two technology parameters
which could affect evaporative emissions. The VEHID main effect parameter was retained for
these regressions, since the emissions performance of individual vehicles within the same
technology grouping will vary considerably due to the idiosyncrasies of each vehicie.

The overall results of this exercise indicated that CARBFI provided the best technology
grouping. The CARBFI groups were carburetted and fuel-injected.

Finally, the best DI regression model using CARBF]I groupings was found to be:
inDI = VEHID CARBFI*TEMP CARBFI*SEASON CARBFI*BLENDTYP*OXY

The SAS output and parity plot of the regression are given in Appendix K. From this regression,
the effects on DI emissions of the four blend types relative to the Base for the two CARBFI
groups are shown in Figure 5-52. The figures shows that for the carburetted vehicles, only ETBE
produced a significant reduction with respect to the base fuel; ETBE also had significantly lower
diurnal emissions than the EtOH, EtOH/SB, and MTBE blends. The only significant reduction
for the fuel-injected vehicles was by the EtOH. The EtOH/SB blends had significantly higher
diurnal emissions than ETBE, EtOH, and MTBE blends for fuel-injected technologies.

The regression also indicated that the summer blends produced 57 percent lower diurnal
emissions than the winter blends for carburetted vehicles and 24 percent lower diurnal emissions
than the winter blends for fuel-injected vehicles, and these differences were significant at the 95%
confidence level. While the oxygen content of the blends was different, the effect of oxygen con-
tent is accounted for in the CARBFI*BLENDTYP*OXY term of the regression.

The regression also indicated that 75°F produced 75 percent lower diurnal emissions than
95°F for carburetted vehicles and 61 percent lower diurnal emissions than 95°F for fuel-injected
vehicles, and these differences were significant at the 95% confidence level.
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3. Lstimated Photochemical Reactivity of Dinrnal f:missions. The results of the evaporative
diurnal estimated ozone production (EOP) measurements are given in the table in Appendix H.
This table is provided for documentation purposes and for the reader to examine trends in the raw
data. The diurnal EOP in grams is listed as a function of vehicle, blend season, temperature, and
blend type. Driving cycle was not a parameter which was investigated. Test date is used in the
table to make the distinction between replicate results.

A comparison of the diurnal EOP is made with the diurnal total VOC emissions in Figure 5-
53. The total diurnal emissions were calculated by summing the individual speciations for each
test condition. The plot shows a linear trend between the diurnal EOP and the total diumal emis-
sions. The ratio of these two quantities at any given point on the plot provides an estimate of the
effective reactivity (MIR) value for the vehicle test condition combination. The effective MIR
values range from 2 to 4.

The following preliminary class regression statement was used to evaluate the main effects of
the four parameters on diurnal estimated ozone production (DIEOP) in the absence of any inter-
actions:

InDIEOP = VEHID TEMP SEASON BLENDTYP

This analysis of variance indicated that the four parameters had the following order of magni-
tude effects on the iInDIEOP:

VEHID > TEMP > SEASON > BLENDTYP

Graphical and tabular examination and preliminary regressions of the data indicated that VEHID,
VEHID*TEMP, and VEHID*SEASON had significant effects on the diurnal EOP levels, but the
interaction VEHID*BLENDTYP was weak. This indicates that vehicles were responding differ-
ently to temperature and season but responding in the same way to the different fuel blends.
Therefore. evaluation of the transformation to be used for the diurnal EOP levels was made by
regression against the following combination of effects:

VEHID VEHID*TEMP VEHID*SEASON BLENDTYP

Additional regressions indicated that the natural log of the diurnal EOP was a reasonable trans-
formation to be used. A series of regressions was used to try to discover the best model state-
ment which would describe the diurnal EOP. The continuous oxygen concentration OXY was
brought into the model statement as the interaction with VEHID*BLENDTYP. In the process of
performing these regressions, several observations were made:

o The individual vehicle had the strong effect on the diurnal EOP levels.

o The interaction between vehicle and blend type was not significant; however, the ef-
fect of blend type on the diurnal EOP for the vehicle group as a whole was significant.

The best overall model which described the emissions of the individual vehicles were deter-
mined for carburetted and fuel-injected vehicles separately and were given by:

InDIEOP = VEHID VEHID*TEMP VEHID*SEASON BLENDTYP*OXY

The SAS output and parity plot of the regression are given in Appendix K. The regressions fit the
measured DIEOP with standard deviations of about 40% and with r2 of about 0.87.
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Because the regressions indicated that there was no significant VEHID*BLENDTYP interac-
tion, assignment of general vehicle technology behavior factors to the regression was not
attempted. Instead, it was assumed that the separate models for carburetted and fuel-injected
vehicles as a group were adequate to describe the behavior. Thus, the technology-based model
tor DIEOP had the form:

InDIEOP = VEHID TEMP SEASON BLENDTYP*OXY

and separate regressions were used for carburetted and fuel-injected technoiogies. The SAS
output and parity plot of the two regressions are given in Appendix K.

From these regressions, the effects of blend types for the two fuel induction technologies on
diurnai EOP, relative to the base fuel, are shown in Figure 5-54. Only ETBE and MTBE showed
a significant reduction in the diurnal EOP levels for carburetted vehicles. In addition, ETBE pro-
duced sigruficantly lower DIEOP levels than EtOH and EtQOH/SB for the carburetted vehicles.
For fuel-injected vehicles, all blend types were not significantly different from the base fuel.
EtOH/SB was significantly higher than EtOH and MTBE.

The regressions also indicated that the summer blends produced S1 percent lower (significant)
DIEOP levels than the winter blends for carburetted vehicles and 13 percent lower (not signifi-
cant) DIEOP levels than the winter blends for fuel-injected vehicles. Note that the summer and
winter blends had volatility differences of 2 psi and had different base blending stocks. While the
oxvgen content of the blends was different, the effect of oxygen content is accounted for in the
BLENDTYP*OXY term of the regression.

The regressions also indicated that 75°F produced 66 percent lower DIEOP levels than 95°F
for carburetted vehicles and 48 percent lower DIEOP levels than 95°F for fuel-injected vehicles,
and these differences were significant at the 95% confidence level.

4. Diurnal Toxic Emissions. Benzene is currently the only evaporative emission that is con-
sidered to be toxic. The quantity of benzene emitted during diurnal tests was measured as part of
the speciation of diurnal emissions. The benzene emissions are shown in Appendix J. They are
given in grams as a function of vehicle, blend season, temperature, and blend type. Test date is
used in the table to make the distinction between results from replicate tests.

Examination of the data in the table indicates that all measured benzene values for diurnal
emissions were greater than 0.0000 grams. Figure 5-55 shows a plot of the diurnal benzene
emissions against the total diurnal emissions for those conditions where both values are available.
The plot indicates that the benzene emissions in general decreased with decreasing diurnal emis-
sions and that benzene emissions made up between 0.5% and 4.0% of the total diumal emissions.

Examination of the diurnal benzene emissions (DIBZ) began with separate regression models
for the total diurnal benzene emissions of individual vehicles. Thus, the following regression was
used:

InDIBZ = TEMP SEASON BLENDTYP

Other transformations were tried, but the log transformation provided the most homogeneous
residuals. As a result of this regression. one data point was found to be an outlier: Vehicle 3/-
75°/Fuel N on 120CT92 = 0.1409 grams. These regressions found that while there were sig-
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nificant blend type etfects for individual vehicles. there was not a dominant pattern of effects
observed for all the vehicles.

Because the regressions indicated that there was no consistent and significant VEHID*-
BLENDTYP interaction, assignment of generai vehicle technology behavior factors to the regres-
sion was not attempted. Instead, it was assumed that the separate models for carburetted and
fuel-injected vehicles as separate groups were adequate to describe the behavior. Thus, the tech-
nology-based model for DIBZ had the form:

InDIBZ = VEHID TEMP SEASON BLENDTYP*OXY

and separate regressions were used for carburetted and fuel-injected technologies. The SAS out-
put and parity plot of the two regressions are given in Appendix K. The 42 observations on 3
vehicles used for the carburetted model gave an 12 of 0.945, a standard deviation of about 23%,
and a mode! F of 1235. The 56 observations on 4 vehicles used for the fuel-injected model gave
an 12 of 0.880, a standard deviation of about 32%, and a model F of 1250.

From these regressions, the effects of blend types for the two fuel induction technologies on
diurnal benzene emissions, relative to the base fuel, are shown in Figure 5-56. Only ETBE
showed a significant reduction in the diurnal benzene levels for carburetted vehicles. In addition,
ETBE produced significantly lower levels than the other three blend types for the carburetted
vehicles. For fuel-injected vehicles, all blend types were not significantly different from the base
fuel or from each other.

The regressions also indicated that the summer blends produced 15 percent lower (not signifi-
cant) diurnal benzene levels than the winter blends for carburetted vehicles and 15 percent higher
(not significant) diurnal benzene levels than the winter blends for fuel-injected vehicles. While the
oxygen content of the blends was different, the effect of oxygen content is accounted for in the
BLENDTYP*OXY term of the regression. The regressions also indicated that 75°F produced 41
percent lower (significant) diurnal benzene Jevels than 95°F for carburetted vehicles and 13
percent lower (not significant) diurnal benzene levels than 95°F for fuel-injected vehicles.

The diurnal emissions of benzene would not be expected to be influenced by changes in the
blend season or in the blend type to any great degree. The reason for this is that the concentration
of benzene in the vapor space of a solution containing benzene depends primarily on the concen-
tration of benzene in the liquid phase and the temperature. Thus, changes in the relative concen-
tration of other components in the gasoline, such as butane, which controls the blend season, and
oxygenate compound, which controls the blend type, would have only a small effect on the gaso-
line benzene concentration.

5. Total Hot Soak Emissions (HS). The results of the hot soak measurements are given in the
table in Appendix G. This table is provided for documentation purposes and for the reader to
examine trends in the raw data. The HS emissions in grams are listed as a function of vehicle,
blend season, temperature, and blend type. Driving cycle was not a test parameter. Test date is
used in the table to make the distinction between results from replicate tests.

The following preliminary class regression statement was used to evaluate the main effects of
the four parameters in the absence of any interactions:

InHS = VEHID BLENDTYP TEMP SEASON
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The analysis of variance indicated that the tour parameters had the following order of magnitude
effect on the InHS:

VEHID > TEMP > SEASON > BLENDTYP

Graphical and tabular examination and preliminary regressions of the data indicated that VEHID
had large effects on the HS emission levels. Temperature, blend type, and blend season had much
smaller effects. Evaluation of the transformation to be used for the HS emissions was made by
individual regressions for each vehicle using the following model statement:

inHS = VEHID BLENDTYP TEMP SEASON

These regressions indicated that the natural log of hot soak emissions was a reasonable transfor-
mation to be used. In addition, four data points seem to be outliers in the regression: Vehicle
1/75°Fuel N on 25FEB92 = 7.757 grams, Vehicle 6/95°/Fuel U on 29JUN92 = 1.284 grams,
Vehicle 8/75%Fuel V on 21JANS2 = 3.845 grams, and Vehicle 11/75°/Fuel V on 2SMAR92 =
12.364 grams. These hot soak test results appear to be outliers, both in terms of the regression
and in terms of examination of the data in Appendix G. These values were left out of further
examination of the data. This left 124 observations remaining to be analyzed.

A series of regressions was used to try to discover the best model statement which would
describe the HS emissions. In the process of performing these regressions, several observations
were made:

o The individual vehicle had a strong effect on the HS emissions.

e Vehicles 1, 7, and 9 were much more sensitive to TEMP, SEASON, and
BLENDTYP than the other vehicles. All of the other vehicles were relatively insensi-
tive to TEMP, SEASON. and BLENDTYP, and behaved similarly to each other in
this regard. The split between sensitive and insensitive vehicles did not seem to fol-
low any technological grouping parameter.

Based on the individual vehicle results. it was decided to proceed with the hot soak analysis in
three vehicle groups. The first group of vehicles was the group that was more sensitive to TEMP,
SEASON, and BLENDTYP and included Vehicles 1, 7, and 9. This group contains carburetted
and fuel-injected vehicles. The second group was a group of carburetted vehicles which had low
sensitivity to TEMP, SEASON, and BLENDTYP. This includes Vehicles 2, 3, 10, 11, and 12.
The third group contains fuel-injected vehicles which had low sensitivity to TEMP, SEASON, and
BLENDTYP. These included Vehicles 4, 5, 6, 8, and 13. It should be noted that these three
groups were formed by their sensitivities to these three parameters, and not to the level of the
overall emissions of each vehicle. Final regressions were performed on the three groups of vehi-
cles using the following model statement:

InHS = VEHID TEMP SEASON BLENDTYP*OXY

The insensitive carburetted group and the insensitive fuel-injected group were fit well by this
regression. The sensitive group was not fit as well; the data evidently contained more noise. The
SAS output and parity plots of the three regressions are given in Appendix K. The regressions fit
the measured hot soak values with a standard deviation of about 25%, 24%, and 130% for the
insensitive carburetted, insensitive fuel-injected, and sensitive vehicles, respectively.
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The blend type ettects for the three groups of vehicles based on the regressions are shown in
Figure 5-57 for the 2.0% oxygen fuel set. The plots also give an estimate of the error on each
effect. For the insensitive carburetted vehicles, the effect of ETBE and MTBE was not signifi-
cantly different than the Base. However, EtOH and EtOH/SB produced about 22% higher hot
soak emissions, and these were statistically significant changes. For the insensitive fuel-injected
vehicles, no significant difference in hot soak emission production was noted between the oxy-
genated blends and the Base. For the sensitive vehicle group, the only blend which produced a
significant increase (166%) in hot-soak emissions was the EtOH/SB. '

The regressions also indicated that the summer blends produced 25 percent lower ( significant)
hot soak emissions than the winter blends for the insensitive carburetted vehicles, 11 percent
higher (not significant) hot soak emissions than the winter blends for the insensitive fuel-injected
vehicles, and 58 percent lower (not significant) hot soak emissions than the winter blends for the
sensitive vehicles. While the oxygen content of the blends was different, the effect of oxygen
content is accounted for in the BLENDTYP*OXY term of the regressions.

The regressions also indicated that 75°F produced 18 percent lower {significant) hot soak
emissions than 95°F for the insensitive carburetted vehicles, 30 percent lower (significant) hot
soak emissions than 95°F for the insensitive fuel-injected vehicles, and 65 percent lower
(significant) hot soak emissions than 95°F for the sensitive vehicles.

6. Estimated Photochemical Reactivity of Hot Soak Emissions. The results of the hot soak
estimated ozone production (EOP) measurements are given in the table in Appendix H. Hot soak
EOP levels are available only for Vehicles 1, 2, 3, 4, 5, 9, and 12 since hot soak speciations were
performed only on these vehicles. The hot soak EOP levels in grams are listed as a function of
vehicle, blend season, temperature and blend type. Driving cycle was not a test parameter. Test
dates are used in the table to make the distinction between resuits from replicate tests.

A comparison of the hot soak EOP with the total hot soak emissions as measured by the sum
of the hot soak speciations is shown in Figure 5-58. The plot shows a linear trend over two orders
of magnitude. The effective reactivity (MIR) for each vehicle/test condition, which is determined
by the ratio of the hot soak EOP to the total hot soak emissions. ranges from1to 5.

The following preliminary class regression statement was used to evaluate the main effects of
the four parameters on the hot soak estimated ozone production (HSEOP) in the absence of any
interactions:

InHSEOP = VEHID BLENDTYP TEMP SEASON

This analysis of variance indicated that the four parameters have the following order of magnitude
effect on the INHSEOP:

VEHID > TEMP > SEASON = BLENDTYP

Graphical and tabular examination and preliminary regressions of the data indicated that VEHID
had large effects on the hot soak EOP levels. Temperature, blend season, and blend type had
small effects. Evaluation of the transformation to be used for the hot soak EOP levels was made
by individual regressions for each vehicle against the following combination of effects: TEMP,
SEASON. BLENDTYP. These regressions indicated that the natural log of the hot soak EOP
was a reasonable transformation to be used.
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A series of regressions was used to try to discover the best model statement which would
describe the hot sozk EQP levels. In the process of performing these regressions, several obser-
vations were made:

o The individual vehicle had a strong effect on the hot soak EOP levels.

o Just as in total hot soak emissions, the hot soak EOPs of Vehicles | and 9 were more
sensitive to TEMP, SEASON, and BLENDTYP than the other vehicles. All the other
vehicles were relatively insensitive to TEMP, SEASON, and BLENDTYP and
behaved similarly to each other in this regard.

Final regressions were performed on three groups of vehicles using the following model
statement:

InHSEOP = VEHID TEMP SEASON BLENDTYP*OXY

The first group of vehicles was the group that was more sensitive to TEMP, SEASON, and
BLENDTYP and included Vehicles 1 and 9. The remaining vehicles were placed in two groups
that had low sensitivity to TEMP, SEASON, and BLENDTYP. The insensitive carburetted ve-
hicles (2, 3, and 12) were placed in the second group; the insensitive fuel-injected vehicles (4 and
5) were placed in the third group. It should be noted that these three groups were formed by the
sensitivities to the three parameters and not to the level of the overall emissions of each vehicle.

The insensitive groups were fit well by the regression. The sensitive group was not fit as well,
this data evidently contained more noise. The SAS outputs and parity plots of the three regres-
sions are given in Appendix K. The regressions fit the measured hot soak EOP values with stan-
dard deviations of about 25%, 31%, and 78% for the insensitive carburetted vehicles, insensitive
fuel-injected vehicles, and the sensitive vehicles, respectively.

~

The responses of the InHSEOP values to different blend types with 2.0% oxygen content for
the three groups of vehicles are shown in Figure 5-59. The insensitive carburetted group re-
sponded with significant hot soak EOP increases of 24% for the EtOH and 33% for EtOH/SB.
The ETBE and MTBE blends did not cause significant changes to hot soak EOP with respect to
the base for this vehicle group. However, ETBE produced significantly lower HSEOP levels than
EtOH and EtOH/SB. None of the blends produced significant changes for the insensitive fuel-in-
jected vehicle group with respect to the base fuels or with respect to each other. The only signifi-
cant change to the sensitive vehicle group was an increase associated with EtOH/SB.

The regressions also indicated that the summer blends produced 25 percent lower (significant)
hot soak EOP levels than the winter blends for the insensitive carburetted vehicles, 13 percent
higher (not significant) hot soak EOP levels than the winter blends for the insensitive fuel-injected
vehicles, and 32 percent lower (not significant) hot soak EOP levels than the winter blends for the
sensitive vehicles. While the oxygen content of the blends was different, the effect of oxygen
content is accounted for in the BLENDTYP*OXY term of the regressions.

The regressions also indicated that 75°F produced 18 percent lower (significant) hot soak
EOP levels than 95°F for the insensitive carburetted vehicles, 28 percent lower (significant) hot
soak EOP levels than 95°F for the insensitive fuel-injected vehicles, and 81 percent lower
(significant) hot soak EOP levels than 95°F for the sensitive vehicles.
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= Hot Soak Toxic Emissions. The only hot soak toxic compound of concern is benzene. The
benzene values for the tests where speciations were performed are shown in Appendix J. Hot
soak speciations were performed only on Vehicles 1. 2. 3.4.5,9, and 12. The measured values
are given as a function of vehicle, biend season, temperature, blend type, and test date.

Examination of the data values shows that all measured values were greater than 0.0000
grams. A comparison of the hot soak benzene emissions with the total hot soak emissions is
shown in Figure 5-60 where both data values are available. This figure shows that under most
conditions. the hot soak benzene emission was approximately 4% of the total hot soak emission.

The best individual vehicle hot soak total emission regression model was used as the hot soak
benzene (HSBZ) emission model. This was:

InHSBZ = TEMP SEASON BLENDTYP

This regression was run separately for each vehicle. Different transformations were tried, and a
log transformation was found to be the one that produced the most homogeneous residuals. The
regressions identified one outlier in the data: Vehicle 1/95°F/ Fuel U on 200CT92 = 0.1085
grams. This left 98 observations remaining in the data set. Only a few parameter levels were
found 1o have significant effects on the hot soak benzene emissions of individual vehicles: Vehicle
4: 75°, MTBE; Vehicle 12: EtOH/SB; and Vehicle 1: EtOH, EtOH/SB.

The regressions were run again on the carburetted (Vehicles 2, 3, and 12} and fuel-injected
vehicles (Vehicles 1, 4, 5, and 9) in separate groups to determine how these different technologies
affected hot soak benzene emissions. The SAS outputs and parity plots of the two regressions are
given in Appendix K. The 12 of these regressions were 0.95 and 0.87, respectively.

The effects of the blends with respect to the base fuels are given in Figure 5-61. The figure
shows that for carburetted vehicles EtOH and EtOH/SB increased the benzene significantly above
the level for the base fuels. In addition, it can be seen that ETBE and MTBE produced HSBZ
levels significantly lower than EtOH and EtOH/SB for the carburetted vehicles. For the fuel-in-
jected vehicles, no blend type was significantly different than the base fuels; however, MTBE pro-
duced significantly lower hot soak benzene emissions than EtOH.

SEASON and TEMP had weak effects in these regressions. The regressions indicated that the
summer blends produced 17 percent lower (significant) hot soak EOP levels than the winter
blends for the carburetted vehicies and 21 percent higher (not significant) hot soak EOP levels
than the winter blends for the fuel-injected vehicles. Note that the summer and winter blends had
volatility differences of 2 psi and had different base blending stocks. While the oxygen content of
the blends was different, the effect of oxygen content is accounted for in the BLENDTYP*OXY
term of the regressions.

The regressions also indicated that 75°F produced 10 percent lower (not significant) hot soak
EOP levels than 95°F for the carburetted vehicles and 16 percent lower (not significant) hot soak
EOP levels than 95°F for the fuel-injected vehicles.

8. Total Running Loss Emissions (RL). The results of the evaporative running loss measure-
ments are given in the table in Appendix G, along with the other types of evaporative emissions.
This table is provided for documentation purposes and for the reader to examine trends in the raw
data. The RL emissions in grams are listed as a function of vehicle and blend type. Blend season,
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temperature. and driving cycle were held constant for these tests. The value for total RL given in
the table is the sum of the six running lcss bags from the database.

Running loss tests were performed on six vehicles. Vehicles !, 6. and 9 were fuel-injected.
and Vehicles 2, 3, and 12 were carburetted. The total running loss. as well as the speciation of
the total running loss, were determined for all tests.

The following preliminary class regression statement was used to evaluate the main effects of
the two parameters in the absence of any interactions:

InRL = VEHID BLENDTYP

This analysis of variance indicated that the two parameters had the following order of magnitude
effect on the InRL:

VEHID > BLENDTYP

In this regression, VEHID had a significant effect on InRL and BLENDTYP did not have a
significant effect. In none of the regressions did BLENDTYP have a significant effect on running
losses. Since SEASON and TEMP were not varied in this study of running losses, those effects
cannot be measured. None of the 30 running loss observations were designated as outliers as a
result of these regressions.

Graphical examination of the data is shown in Figure 5-62. The plot shows that the three car-
buretted vehicles had larger running losses than the three fuel-injected vehicles. Vehicle 3 showed
a large increase (not significant) in running loss emissions for the EtOH and EtOH/SB fuels.

Other than this effect, no other trends for the different blend types seem apparent.

Vehicles were grouped into a carburetted group and a fuel-injected group, and the regressions
were repeated. Again, VEHID was significant, and BLENDTYP was not. Figure 5-63 shows the
estimated effect of blend type on running loss emissions for the two groups. The errors bars indi-
cate that, with the exception of MTBE for fuel-injected vehicles, none of the blend types showed
a significant difference in running loss emissions with respect to the base fuels or with respect to
other oxygenated blend types.

9. Estimated Photochemical Reactivity of Rurming Loss Emissions. The results of the
evaporative running loss estimated ozone production (EOP) measurements are given in Appen-
dix H, along with the other types of evaporative emissions. This table is provided for documenta-
tion purposes and for the reader to examine trends in the data. The running loss EQP levels in
grams of ozone are listed as a function of a vehicle and blend type. Blend season, temperature,
and driving cycle were held constant for these tests. The value for total running loss EOP given in
the table is a cumulative estimated ozone production for the entire running loss test; that is, for
the combination of all six running loss bags.

A comparison of the running loss EOP with the total running loss emissions as measured by
the sum of the speciations is shown in Figure 5-64. This plot shows a linear trend over one order
of magnitude. The effective reactivity (MIR) of the running loss emissions, which is determined
by the ratio of the running loss EOP to the total running loss emissions, ranges from 2 to 3.

Running loss tests were performed on six vehicles. The total running loss as well as the spe-
ciation of the running losses were determined for all tests. Vehicles 1, 6, and 9 were fuel-injected
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and Vehicles 2, 3, and 12 were carburetted. The following preliminary class regression statement -
was used to evaluate the main effects of the two parameters on the running loss estimated ozone
production (RLEOP) in the absence of any interaction:

INRLEOP = VEHID BLENDTYP

This analysis of variance indicated that the two parameters had the following order of magnitude
effect on the InRLEOP: :

VEHID > BLENDTYP

Graphical examination of the data is shown in Figure 5-65. The plot shows that speciation
data are not available for the following vehicles and test conditions: Vehicle 2/95°/Fuel M =
ETBE, Vehicle 3/95°/Fuel Q = ETBE; Vehicle 3/95°/Fuel S = EtOH, Vehicle 3/95°/Fuel U =
EtOH/SB, Vehicle 6/95°/Fuel U = EtOH/SB; Vehicle 12/95°/Fuel Q = ETBE; and Vehicle
12/95°/Fuel U = EtOH/SB. In addition, the following two data points were found to be outliers:
Vehicle 1/95°/Fuel U on 30JUN92 = 0.076 g O3 and Vehicle 2/95°/Fuel U on 29JUNS2 = 0.565
g 03. These data points were removed from subsequent examination of the data. This left 21
data points to be analyzed. The plot shows that the three carburetted vehicles had larger running
loss EOPs than the three fuel-injected vehicles.

Analysis of the running loss EOP was completed by the regression of the six vehicle data in a
carburetted group and a fuel-injected group using the same model statement. The estimated
responses of the blends are shown in Figure 5-66. For the carburetted group, the EtOH and
MTBE blends produced significant increases in RLEOP with respect to the base blends and the
ETBE blends. No data was available to analyze for EtOH/SB on carburetted vehicles. No sig-
nificant effects on running loss EQOP of fuel-injected vehicles were found for the oxygenated
blends relative to the base blends. However, the plot indicates that MTBE blends produced lower
RLEOP levels than ETBE and EtOH blends.

10. Running Loss Toxic Emissions. The only toxic emission for running losses is benzene.
The benzene values which were measured during the speciation of running losses are shown in
Appendix J as a function of vehicle, blend type, and test date. The values are a cumulative value
for the entire running loss test. Running loss tests were performed on six vehicles. The total
running loss as well as the speciation of the running losses were determined for all tests. Vehicles
1, 6, and 9 were fuel-injected and Vehicles 2, 3, and 12 were carburetted.

Examination of the values for running loss benzene indicate that all 21 values except one were
greater than 0.0000 gram. A comparison of the running loss benzene emissions versus the total
running loss emissions is made in Figure 5-67. The plot indicates that the running loss benzene is
approximately 3% of the total running loss emissions.

Because running loss emissions were measured for only one driving cycle, one temperature,
and one blend season, the effect of running loss benzene emissions (RLBZ) can only be examined
as a function of vehicle and blend type. Therefore, the following model statement was used to ex-
amine the data:

InRLBZ = VEHID BLENDTYP

The results of the regression indicated that the effect of vehicle was significant, but that blend type
was not significant. Analysis of the running loss benzene was completed by regression of the six
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vehicle data in a carburetted group and a fuel-injected group using the same model statement. No
significant effects were found for any of the oxygenated blends for either technology group.

The estimated responses of the blends are shown in Figure 5-68. The regressions in Appen-
dix J indicate that none of the blend types produced running loss benzene emissions significantly
different from that produced by the base blends. Since only 8 carburetted and 12 fuel-injected
observations were available for this analysis, the uncertainty in blend type effects is large. Future
measurements with a larger number of observations would provide a more powerful test for blend
type effects on running loss benzene emissions.
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