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1 Executive Summary

This document presents the findings of vehicle testing completed by the
Orbital Engine Company in order to assess the impact of gasoline containing
20% by volume ethanol on the Australian passenger vehicle fleet. The
program is an initiative of the Environment Australia project “Market Barriers
to the Uptake of Biofuels — Testing Petrol Containing 20% Ethanol (E20)”.
The program comprised two components, these being a desktop study and an
experimental study. Both components have run in parallel with the desktop
study reports submitted to Environment Australia in October and November
2002.

The desktop studies were undertaken with the intent of providing further focus
and substantiation to the experimental study work scope. These studies
resulted in the submission of reports to Environment Australia covering: 1) “A
Literature Review Based Assessment on the Impacts of a 20% Ethanol
Gasoline Fuel Blend on the Australian Vehicle Fleet’; and 2) “A Technical
Assessment of a Failure Mode and Effects Analysis Output for the Application
of the E20 Petrol Ethanol Blend Fuel into the Australian Vehicle Fleet”. These
reports have confirmed that the proposed experimental program is sufficiently
broad in terms of capturing the potential issues identified.

The experimental study work scope has three major components reported:
¢ Vehicle performance and operability testing
e Vehicle durability testing
e Component material compatibility testing.

A number of other elements to this study included in this report are:
e An assessment of the impact on greenhouse gas emissions.
e A literature review on Well to Wheel greenhouse gas emissions
evaluations.
¢ An assessment of the impact on the paint work on the fuel filler area of
new vehicles.

The vehicle durability testing is not reported in this document, as this testing
has been categorised as a separate phase and has just been initiated. The
planned completion timing of this activity is May 2004. This activity is
considered crucial, as it will provide detailed data related to the impact of the
E20 fuel blend on the durability of many vehicular systems, in particular the
catalyst in terms of regulated emissions, air toxic emissions and greenhouse
gases.

The vehicle testing program included nine different vehicle makes or models,
and was comprised of 5 new vehicles and 4 old vehicles (model year 1985 to
1993). The vehicles were selected in consultation with The Department of
Transport and Regional Services and Environment Australia to ensure
adequate representation of the Australian passenger vehicle fleet.

Orbital Engine Company E20 Vehicle Ethanol Report 1



1.1 Vehicle Performance Impacts.

Vehicle operability testing was performed to determine the impact of E20 on
general vehicle operation, including the impact on vehicle acceleration, driving
quality, fuel economy and emissions.

1.1.1 Engine Power Evaluation.

For both the new and old vehicles, the result of the acceleration testing
indicates that there is no evidence of a detriment in power caused by the use
of E20 fuel. However increases in exhaust gas temperature were measured
in five of the nine vehicles tested with three showing increases in catalyst
temperature. Enleanment was found to occur on six of the nine vehicles
tested, with three of these vehicles having closed loop type control systems
(closed loop refers to feedback control technique used to control inputs to
achieve desired outputs). In general the increase in exhaust gas temperature
was found to follow those vehicles with enleanment. The enleanment and rise
in exhaust gas temperature is of concern as the rise in exhaust gas
temperature has the potential to impact on engine and aftertreatment
durability.

1.1.2 Tailpipe Emissions Evaluation.

1.1.2.1 Regulated Tailpipe Emissions for New Vehicles.

The results from the 5 new vehicles when tested to the relevant emissions
standard (ADR37/01) of the effect of E20 on regulated emissions showed:

e Total unburnt Hydrocarbon (THC) emissions were generally reduced,
with an average reduction over all vehicles of 30%.

e Carbon monoxide (CO) emissions were generally reduced, with an
average reduction over all vehicles of 29%.

e Oxides of Nitrogen (NOx) emissions were generally increased, with an
average increase over all vehicles of approximately 48%.

e The magnitudes of the changes in emissions levels were substantially
different for each individual vehicle when compared to the average for
all vehicles.

Because of the large differences in magnitude of change in emissions
between vehicles when using E20, a simple calculation was performed to
estimate the impact on city cycle regulated emissions from new vehicles of
E20 compared to gasoline only fuel. This estimate is based on the new car
volumes of several different vehicle classes, and estimated the impact of E20
to be:

e THC reduction of approximately 28%

e CO reduction of approximately 21%

¢ NOx increase of approximately 34%

1.1.2.2 Regulated Tailpipe Emissions for Old Vehicles.

The results from the 4 old vehicles when tested to the relevant emissions
standard (ADR27C & ADR37/00) of the effect of E20 on regulated emissions
showed:
e THC emissions changes varied from vehicle to vehicle, with an average
reduction over all vehicles of only 4%.
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CO emissions were generally reduced, with an average reduction over
all vehicles of 70%. One of the four old vehicles tested featured close
loop fuelling control, and as such did not show CO emissions
reductions of this magnitude when operated on E20.

NOx emissions were generally increased for the vehicles without
closed loop control. The NOx emissions were reduced for the vehicle
with closed loop fuelling control. The average NOx emissions over all
vehicles was increased by approximately 9%.

The magnitudes of the changes in emissions levels (and even the
direction of the change when the closed loop vehicle is included in the
analysis) were substantially different for each individual vehicle when
compared to the average for all vehicles.

1.1.2.3 New Vehicle Highway Tailpipe Emissions

The effect on tailpipe emissions over the highway cycle of E20 for the 5 new
vehicles were:

THC emissions were generally reduced, with an average reduction
over all vehicles of 25%.

CO emissions were generally reduced, with an average reduction over
all vehicles of 48%.

NOx emissions showed no clear trend when using E20 fuel. This was
due to 2 of the 5 vehicles operating lean during the highway cycle.
These 2 vehicles showed particularly high tailpipe NOx emissions when
compared to the vehicles that maintained closed loop operation during
the highway cycle. Reductions in the tailpipe NOx were measured for
these lean operating vehicles, and as these emissions were
substantially higher than the closed loop calibration vehicles, these
reductions dominated the average change in emissions, resulting in an
overall reduction in NOx emissions over all vehicles of approximately
9%.

1.1.2.4 Old Vehicle Highway Tailpipe Emissions.

The effect on tailpipe emissions over the highway cycle of E20 for the 4 old
vehicles were:

THC emissions changes varied from vehicle to vehicle, with an average
reduction over all vehicles of approximately 10%.

CO emissions were generally reduced, with an average reduction over
all vehicles of 76%. One of the four old vehicles tested featured close
loop fuelling control, and as such did not show CO emissions
reductions of this magnitude when operated on E20.

NOx emissions showed no general trend when considering each
individual vehicle. The average NOx emissions over all vehicles were
increased by approximately 10%.

The magnitudes of the changes in emissions levels (and even the
direction of the change) were substantially different for each individual
vehicle when compared to the average for all vehicles.
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1.1.2.5 Tailpipe CO; Emissions

The results from the 5 new vehicles of the effect on CO, emissions from E20
showed the following:

e CO, emissions were generally reduced over the city cycle, with an
average reduction over all vehicles of approximately 1%.

e CO, emissions were generally reduced over the highway cycle, with an
average reduction over all vehicles of approximately 1%.

e The reduction in CO, emissions for these type of vehicles is consistent
with the automotive literature.

The results from the 4 old vehicles of the effect on CO, emissions from E20
showed the following:

e CO, emissions showed no general trend over the city cycle when
considering individual vehicle results. Large reductions in CO
emissions for two of the vehicles, however, resulted in increased CO,
emissions, which dominated the overall CO,; emissions change,
resulting in an overall increase for all vehicles in CO, emissions of
approximately 2%.

e CO; emissions again showed no general trend over the highway cycle.
Large reductions in CO emissions for two of the vehicles resulted in
increased CO; emissions, which dominated the overall CO, emissions
changes, resulting in an overall increase across all vehicles in CO;
emissions of approximately 1%.

1.1.3 Engine Management System and Calibration.

All new vehicles were found to maintain closed loop control while operating on
the E20 fuel blend, however the exhaust emissions changes due to the E20
fuel blend prior to treatment by the catalyst were found to be vehicle specific.
The adaptation of the vehicles engine management systems to the E20 fuel
was also found to be specific to the vehicle manufacturers control strategy.
The impact on the catalyst efficiencies was found to be small, however the
catalysts are new and until the 80,000 km mileage accumulation (now
underway) is complete and the catalysts aged, the longer term impact is
unknown.

The old vehicles without closed loop engine management all displayed the
enleanment expected from the E20 fuel. The effect on exhaust emissions
was found to be a function of the base calibration (mixture strength) of the
vehicle. The one old vehicle which has closed loop fuelling control was found
to operate similarly to the new vehicles.

1.1.4 Unregulated Tailpipe Toxics Emissions for New and Old Vehicles.

During regulated emissions testing of the vehicles, samples were taken for
analysis to determine the tailpipe aldehyde group emissions and the air toxics
emissions for both gasoline and E20 fuel.

1.1.4.1 Aldehydes for New Vehicles

Following the sample analysis from the new vehicle testing, the following
effects of E20 were found on the Aldehyde emissions:
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e Propionaldehyde and Acrolein concentrations were found to be below
the measurable range of the instrument and therefore are not
considered.

e Formaldehyde emissions remained unchanged. This result compares
favourably to other studies.

o Acetaldehyde emissions generally show very large increases for E20,
when compared with results from gasoline only.

e The majority of Acetaldehyde emissions are emitted during the warm-
up phase of the drive cycle. Once the vehicle is fully warm, the
Acetaldehyde emissions become negligible.

1.1.4.2 Aldehydes for Old Vehicles.

Following analysis of samples of exhaust gas from the old vehicle testing the
following effects of the E20 fuel were found on Aldehyde emissions.

e Overall there was a large increase in Aldehydes from the ADR27C
vehicles when operated on E20, of the order of 700%.

e There was also an increase in Aldehydes with the ADR37/00 vehicles,
in this case the absolute level is significantly lower than for the
ADR27C vehicles, from a percentage perspective the ADR37/00
vehicles are approximately 900% lower than the ADR27C with
aldehyde emissions.

e The increase comes predominately from an increase in Acetaldehyde.

e This trend compared favourably with other studies

1.1.4.3 Exhaust Toxics for New Vehicles

Following sampling of the tailpipe emissions, the following effects of the E20
fuel were found on exhaust toxic emissions.

e Overall decreases in exhaust toxics were measured when the vehicles
are operated on E20 fuel: Benzene 40%, Hexane 40% and Toluene
30%.

e These trends compare favourably with other studies.

e There is a good correlation between exhaust Benzene, Hexane,
Toluene and THC on both gasoline and E20, this substantiates the
claim that a significant source of toxics is by products of combustion
and un-combusted gasoline.

e The largest impact is in the cold transient phase, further confirming that
the major source of toxics is by products of combustion and un-
combusted gasoline.

1.1.4.4 Exhaust Toxics for Old Vehicles.

e Overall there was a decrease in exhaust toxics when the vehicles are
operated on E20 as follows, 1,3 Butadiene 15%, Benzene 20% and
Toluene 10%.

e The un-catalysed vehicles emitted the same output of toxics regardless
of the phase of the drive cycle i.e. cold or hot.

e These trends compare favourably with other studies.
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1.1.5 Evaporative Emissions for New Vehicles.

e Overall the evaporative total hydrocarbon emissions increased when
vehicles are operated on E20
e This data measured shows a similar result to other studies.

1.1.6 Evaporative Emissions for Old Vehicles.

e The average result for the pre 1985 vehicles tested showed the
evaporative emissions increased when operated on E20.

e The average result for the pre 1995 vehicles tested showed the
evaporative emissions decreased when operated on E20. This result,
however, is skewed by the high gasoline diurnal emissions from the
Toyota Camry.

e The carburetted vehicle that does not have the float chamber vented to
the carbon canister showed a large increase in hot soak evaporative
emissions when operated on E20 fuel, eg. approximately 100%
increase.

1.1.7 Toxic Evaporative Emissions for Old Vehicles.

e Overall there will be an increase in evaporative air toxics when the old
vehicles are operated on E20.

e The increase in air toxics concurs with the increase in THC measured
during the evaporative test.

1.1.8 Fuel Consumption for New Vehicles.

Fuel consumption was increased when operating the vehicles with the E20
fuel, however the increases measured were only in some cases as high as the
theoretical 6% predicted, based on the decrease in energy content of the fuel
when adding 20% by volume ethanol.

e In general there was an increase in fuel consumption when the vehicles
tested are operated on E20 ranging. This increase in fuel consumption
ranges from 2.5% to 7% depending on the cycle and the vehicle.

e The increase in fuel consumption on average across all the vehicles
was approximately 5%. This increase was less than expected. It is
thought the differences might be due to subtleties in the adaptation
strategies of the various vehicle control systems.

e Increases in fuel consumption of 5% or more are considered to be
recognisable to the average driver.

1.1.9 Fuel Consumption for Old Vehicles.

In general there was a minor increase (less than 2%) in fuel consumption
when the open loop fuelled vehicles were operated on E20.

e The closed loop fuelled vehicle behaved similarly to the new vehicles
tested with an increase in fuel consumption when operated on E20
ranging from 3.5% to just over 6% depending on whether operated
over the city or highway cycle.
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1.1.10 Driveability for New Vehicles.

Driveability assessments are a subjective measure to evaluate engine starting
behaviour and driveability characteristics of the vehicle. Assessments have
been made for cold, hot and ambient conditions temperatures. For all starting
assessments, a level of objectivity can be applied as a measurement is taken.

1.1.10.1 Ambient Conditions Assessment.

The vehicles were assessed under ambient conditions of approximately 25°
Celsius. This is the most common condition that the majority of vehicle owners
would be exposed to in terms of the potential impacts of the E20 fuel. In
general, startability was maintained or slightly improved at 25° Celsius with
E20, however these improvements were considered not discernable to the
average driver. Idle quality was also assessed and though slight
improvements and degradations were found, these were considered to be not
obvious to the average driver.

The outcome of the general vehicle performance assessment indicated both
slight improvements and reductions in the acceleration performance
evaluation when operated on E20 fuel. In all, the differences were slight and
most likely not observable by the average driver.

The final assessment was of warmed-up driveability where the vehicles are
operated until up to normal operating temperatures and then assessed for
driveability. In general the vehicles performance on the E20 fuel was
assessed as substantially the same as when operating on gasoline.

1.1.10.2 Hot Conditions Assessment.

In general all vehicles were assessed as not having significant changes to hot
start times and idle performance when operated on the E20 fuel blend. This
however does not apply to the one of the vehicles where start times of three
seconds or more were measured for both the hot start and hot re-start times
with E20. This was identified as being discernable to the average driver.

The hot conditions extended idle testing with the E20 fuel blend showed no
substantial differences when compared to gasoline only fuel.

Following the hot conditions tests, the vehicles were driven out onto the open
road to assess their driveability while heat soaked. For all the vehicles, when
operating them on E20 fuel, the driveability was considered to be substantially
similar to the gasoline baseline.

1.1.10.3 Cold Conditions Assessment.

The cold start tests were performed after having soaked the vehicle for eight
hours at approximately —10° Celsius. Two vehicles displayed long start times
with E20; some in excess of three seconds, which is well beyond the one and
a half second production development targets. This increase is considered to
be identifiable to the average driver. One of these two vehicles stalled upon
crank and fire on both test occasions. This is considered by the rating system
as very poor and is judged as undermining the drivers confidence and
conveying poor reliability. In general the idle stability and roughness changes
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was found to change slightly when the vehicles were operated on E20 fuel but
not to the extent of being discerned by the average driver

The assessment of warm-up driveability after the cold start found the vehicles
to be similar for both gasoline and the E20 fuel blend.

1.1.11 Driveability for Older Vehicles.

1.1.111 Ambient Conditions Assessment.

In general, potentially significant startability problems with old open loop
carburetted vehicles, such as long starting times, may occur. Idle quality may
potentially degrade on open loop vehicles to the point where the driver
experiences stability and roughness.

The outcome of the general vehicle performance assessment indicated slight
reductions in the acceleration performance evaluation when operated on E20
fuel. Issues such as hesitation to throttle demand and mediocre WOT
launchability performance may also occur which are more significant when the
engine is cold.

For some of these impacts, the average driver will believe a disturbing defect
are present and is likely to seek corrective action but will still have confidence
of continual operation.

1.1.11.2 Hot Conditions Assessment.

Startability for some of the older vehicles may display stalling and rough
running to such a degree that the driver will believe that the vehicle will fail to
stay running and not operate consistently. In the other vehicles startability was
still noticeably worse than the gasoline baseline.

The hot conditions extended idle testing with the E20 fuel blend showed at
least two of the vehicles would stall following the 20 minute idle. These would
likely result in the driver seeking corrective action and undermine the drivers
confidence due to unreliability.

Following the hot conditions tests, the vehicles were driven out onto the open
road to assess their driveability while heat soaked. For most of the vehicles
(except Camry), when operating them on E20 fuel, there was significant
hesitation to WOT demand along with hesitation at cruise speeds of 50 to 70
km/h. The average driver would notice these changes.

1.1.11.3 Cold Conditions Assessment.

The cold start tests were performed after having soaked the vehicle for eight
hours at approximately —10° Celsius. Two vehicles displayed very long start
times with E20; one in excess of 65 seconds which represented a significant
increase over the gasoline baseline of 22.5 seconds. Idle quality may also
degrade to a level of stalling and rough operation such that the drivers
confidence is undermined. One of the vehicles stalled upon crank and fire on
both test occasions.
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The assessment of warm-up driveability after the cold start found that some of
the vehicles degraded significantly, although in some cases the baseline
gasoline vehicle had poor driveability as well. Hesitation at cruise speed of 50
km/h was also noted for most vehicles, with some of the vehicles (Holden
Commodore) performance likely to cause the driver to seek corrective action.

1.2 Well to Wheel Greenhouse Gas Impact.

A desktop study and literature review was performed to determine the Well to
Tank component of the lifecycle greenhouse gas emissions. One publication,
written by the CSIRO, was specifically utilised to make the lifecycle
greenhouse gas emissions conclusion as reported here. The data within this
publication was considered to be most relevant as it contained specific
Australian related information.

The data required for the Tank to Wheel component of the lifecycle emissions
was measured as part of the vehicle exhaust gas emissions and fuel
consumption testing component of the program of work reported herein.

These two components were then summed to provide an estimation of the
potential of the E20 fuel blend in terms of the impact on the greenhouse gas
emissions. The following tables summarise the city and highway driving cycle
outcome in terms of the potential impact due to:

e The new vehicle fleet.

e The old vehicle fleet

e The combined vehicle fleet.

The assessment terminology used within the tables is as follows:
o Better — decrease in well to wheel greenhouse gas emissions
e Same — no change
e Worse —increase in well to wheel greenhouse gas emissions
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Comparison of Transport Fuels CSIRO base Well To Tank Data

Gasoline E20
ADRWTW Azeotropic Anhydrous ?\rﬁi?;?szlg Azeotropic
Emissions City Reference Azeotropic .(whea.t ) (wheat - Sarina Azeotropic (mola.sses Azeotropic
Cvcle (PULP) (wood fired with starch expanded (wheat) - Sarlna.- (ethylene)
\ waste) wheat waste - Svstem Economic
straw Bomaderry) Y Allocation)
boundary)
New Vehicle - E20 to Petrol Assessment Better Better Better Better Better Better Worse
Old Vehicle - E20 to Petrol Assessment Better Better Better Better Same Same Worse
Overall — E20 to Petrol Assessment Better Better Better Better Better Better Worse
Table 1.1 - City Cycle Well to Wheel Greenhouse Gas Outcome.
Comparison of Transport Fuels CSIRO base Well To Tank Data
Gasoline E20
AS2877 WTW Azeotropic Anhydrous ?rf](eﬁgosr:g Azeotropic
Emissions Reference Azeotropic _(whea_t) (wheat - Sarina Azeotropic (mola_sses Azeotropic
Highwav Cvcle (PULP) (wood fired with starch expanded (wheat) - Sarina - (ethylene)
9 y Ly waste) wheat waste - system Economic
straw Bomaderry) boundary) Allocation)
New Vehicle - E20 to Petrol Assessment Better Better Better Better Better Better Worse
Old Vehicle - E20 to Petrol Assessment Better Better Better Better Same Same Worse
Overall — E20 to Petrol Assessment Better Better Better Better Better Better Worse

Table 1.2 - Highway Cycle Well to Wheel Greenhouse Gas Outcome.

The conclusion that can be drawn from this summary is there is a clear
statistically significant potential benefit to the total greenhouse gas emissions
in utilising a fuel comprising gasoline and 20% by volume ethanol. The
benefit however is highly dependent on the production and process methods
utilised to produce the ethanol. The production of ethanol from wood waste
provides the most significant advantage with a potential approximate 11%
reduction in well to wheel greenhouse gas mass emissions per unit distance
travelled over all vehicles for both city and highway driving.

1.3 Materials/Component Compatibility Test Interim Conclusions.

Interim findings of the materials/component compatibility testing schedule are
summarised below. A final report on the assessment of the testing when all
components complete the 2000 hour immersion is planned for early May
2003.

Corrosion of metallic fuel system components by the E20 test fluid has been
found and is considered as unacceptable as the potential exists for the oxide
to dislodge and deposit in fuel filters and fuel metering devices causing
blockage. Further the dislodged oxide has the potential to settle in areas
where mechanical movement of components occurs, such as bearings in fuel
pumps and fuel injectors potentially accelerating the wear of these
components.

The potential impact on the vehicle fleet from corrosion of the metallic fuel

system components may be premature component failure, degraded
driveability and operability followed by engine operation failure, the details of

Orbital Engine Company E20 Vehicle Ethanol Report 10




which are described within the material/component compatibility section of this
report.

Nearly all brass and copper components have displayed significantly
increased tarnishing when in contact with the E20 test fluid. This corrosion is
considered a concern as it presents the potential for changing the fuel
metering performance of fuel metering jets, may cause premature component
failure of rubbing components such as the fuel pump commutator and may
cause changes in the electrical performance of components due to changes in
the contact resistance of electrical connections within fuel submerged pumps
for example.

In general, rubber components are experiencing a greater change in weight
and hardness when immersed in the E20 test fluid then in neat gasoline. Of
significant concern is the distortion and swelling of the fuel pressure regulator
diaphragms from the EFI fuel systems tested. These components are under
stress in operation and coupled with the findings of the immersion tests the
potential for premature failure exists. Such failure may render the vehicle
inoperable and has the potential to result in fuel leakage. A carburettor
diaphragm displayed distortion and swelling, indicating the potential
premature failure of this diaphragm. These impacts are considered as
unacceptable due to the increased potential for fuel leakage.

Most of the plastic materials tested have experienced little or no changes
when immersed in the E20 test fluid. An E20 effect was found on the two
PCV valves tested, the plastic part of the valve was found to completely
separate from the metal part of the valve. This is a concern as the potential
exists for degraded driveability and operability due to a significant engine air
leak should the separation be experienced on the vehicle. This would
potentially result in the loss of the fuel and air metering accuracy required for
normal engine operation.

The final findings of the materials component compatibility tests are planned
to be reported in early May 2003 when all the engine and fuel systems
components and materials under test complete the 2000 hour immersion
schedule. However, based on the interim findings of the materials/component
compatibility testing, there are a number of materials utilised in the vehicles
components tested to provide sufficient evidence that the potential impacts on
the Australian vehicle fleet are of sufficient magnitude to consider them as
unacceptable.

1.4 Fuel Filler Area Paint Work Impact.

The application of the test fluid gasoline and E20 fuel to vehicle fuel filler door
test samples presently shows:

No evidence of paint peeling

No evidence of blistering

No evidence of crazing

No evidence of dulling

Some evidence of staining (white painted fuel filler door only)
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The staining is only evident on the white painted fuel filler door sample. To
the naked eye the staining shown is slightly more prominent on the sample
exposed to E20 than to the baseline ULP sample.

Testing is to continue for the remaining period of materials/components

compatibility testing program and the final report on this testing is planned for
early May 2003.
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2 Introduction

The Commonwealth Government of Australia, represented by Environment
Australia, is investigating the effects of higher ethanol blends in fuel on the
Australian vehicle fleet. This investigation is to provide information to the
Government on the impacts of noxious and greenhouse emissions, vehicle
performance and durability from the use of 20% by volume ethanol blended
with gasoline (E20). This study will then be used to aid the Government to set
the national fuel standards as provided by the Fuel Quality Standards Act
2000.

Environment Australia, under the auspices of the Ethanol task force,
commissioned an issues paper with the aim of seeking public comment on
setting the appropriate ethanol limit in automotive fuel (2). This paper
extensively covered the issues related to using ethanol as an automotive fuel.
In particular it refers to two earlier trials conducted in Australia. The first trial
in 1980-83 (5) examined the impacts of E15 (15% ethanol). The second in
1998 (6) comprised an intensive field trial of ethanol/gasoline blend E10 (10%
ethanol) in vehicles. The data from these trials, plus evidence from the
submissions to the issues paper, lead to the conclusion that generally blends
up to 10% are accepted as being suitable for the Australian fleet. Currently,
however, there is not general consensus on the applicability of higher ethanol
concentration blend fuels for the Australian vehicle fleet.

One of the conclusions that can be drawn from the submissions to the issues
paper was the lack of current Australian data on the effects of higher ethanol
blends (E20) on the Australian fleet. In order to rectify this, Environment
Australia has commissioned testing on vehicles and components under tender
No. 34/2002. Subsequently, Orbital Engine Company has been contracted by
Environment Australia to undertake an engineering program related to the use
of 20 percent ethanol blend fuel in the Australian market.

A second phase to the total program has been recently commenced at Orbital
Engine Company, this phase is focussed on revealing the potential longer
term impacts the E20 fuel blend may have on the new Australian vehicle fleet.
The new vehicle pairs will be operated for 80,000 km on mileage
accumulation chassis dynamometers one on standard pump gasoline the
other on the E20 fuel blend thus providing the means for a comparison to be
made.

21 Program Goals

The program goals were to target and identify data and information detailing
the impacts of a 20 percent ethanol blend fuel on the Australian vehicle fleet
through both desktop and experimental studies.

2.1.1 Desktop Studies

The desktop studies investigated two areas both designed to provide focus
and substantiation for the experimental studies. The first was a Failure Mode
and Effects Analysis (FMEA) of ethanol gasoline fuel blends on the fuel
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systems types representing the majority of fuel systems utilised in modern
passenger vehicles. This document (3) contains design FMEA'’s focussing on
the two fuel systems types, it served to confirm that the related experimental
testing program was ideally focussed and not deficient in any areas.

The second desktop study was an “Analysis of Impacts” review (4),
comprising a literature review study aimed at understanding the reasons
supporting, and the potential impacts of, the use of the E20 blend fuels in
automotive gasoline engines.

Both desktop studies have been completed and submitted to Environment
Australia.

2.1.2 Experimental Studies

The goal of the experimental studies was to perform a series of structured
tests designed to gather data on the effect of the baseline gasoline and the
E20 blend fuels on the following key parameters.

Tailpipe emissions

Evaporative emissions

Greenhouse gas emissions

Fuel consumption

Vehicle operability

Durability

Fuel system components, base engine hardware and engine
management systems

The information gathered from the desktop studies was utilised in designing
the program experiments in an effort to ensure that all the potential aspects
received the best possible coverage within the framework of the program
constraints.

2.2 Methodology Adopted

The methodology adopted for this program of work was to conduct an
assessment of both vehicle performance and vehicle durability on new and old
vehicles, representative of the Australian vehicle fleet. The testing was
undertaken using representative baseline gasolines and 20 percent ethanol
blended with the baseline gasoline.

2.2.1 Test Fuels Management

The test program required Orbital to procure sufficient quantities of a variety of
fuel types. The methodology adopted was to source the necessary baseline
gasoline and ethanol from various refiners. These fuels were then used as
blend constituents to produce test fuel blends for use throughout the program.
Fuel identification and usage was strictly controlled in accordance with internal
Quality Assurance procedures.

2.2.2 Vehicle Performance Assessment

The methodology adopted to gather the experimental data was to firstly obtain
an understanding of the performance of the engines on the baseline gasoline.
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Following this baseline, the engines were tested according to the same
procedures except that the E20 ethanol blend fuel was utilised. This provides
two back-to-back data sets enabling the direct comparison of the performance
of each vehicle.

2.2.2.1 Tailpipe Emissions

The procedure adopted for measurement of regulated emissions of carbon
monoxide, (CO) total hydrocarbons, (THC) and oxides of nitrogen (NOXx) is the
Australian Design Rule (ADR) pertinent to the particular model year of the
vehicle being tested, (16, 17 & 18).

2.2.2.2 Evaporative Emissions

The pertinent ADR’s covering emissions measurement calls for both a hot
soak and a diurnal test, (16, 17 &18). The testing is to be undertaken in a
special purpose Sealed House for Evaporative Determination (SHED) facility.

2.2.2.3 Greenhouse Gas Emissions

Greenhouse gas and air-toxic emissions were measured concurrently with the
measurement of the tailpipe and evaporative emissions.

2.2.2.4 Fuel Consumption

Vehicle fuel consumption was determined from the tailpipe emissions and
calculated for both the city and highway cycles of the driving cycle, following
the relevant Australian Standard (AS), (7).

2.2.2.5 Vehicle Operability and Performance

Where possible, industry standard testing procedures have been adopted
within this area of vehicle assessment.

2.2.3 Vehicle Durability Assessment

Extended vehicle durability testing and specific bench tests will be used to
assess the impact of E20 blend fuel on fuel system components and base
engine wear. Only the new vehicles will undergo the vehicle durability testing
due to the inherent difficulties in operating old vehicles for extended mileage
accumulation.

2.2.3.1 Fuel System Components

The vehicle activity involved the functional testing of the major fuel system
components (fuel pump, fuel filter, fuel regulator and fuel injectors) according
to the relevant Society of Automotive Engineers (SAE) standards, (14, 13, 15
& 12).

An assessment of other fuel system components (fuel tank, fuel filler, area
filler cap, carbon canister, etc.) is planned following the durability testing
program.

The potential impact of spillage of the E20 fuel blend on vehicle paintwork

adjacent to the fuel filler area was assessed following the relevant
International Standards Organisation (ISO) standard, (11).
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2.2.3.2 Engine Wear

An assessment of the base engine wear was to be undertaken on the new
vehicle pool only.

2.2.4 Fuel System Material Compatibility

Materials compatibility was determined by a comparative assessment of the
immersion performance of metallic, elastomeric and plastic fuel system
components/samples in 0% ethanol and 20% ethanol gasoline mixes. The
methodology for testing these samples was to adopt as much as possible of
the two relevant SAE standards, (9) and (10) that cover the materials
compatibility testing. Relevant sections of the SAE standard (8) covering the
details of test fuels for materials compatibility testing were also adopted where
possible. The adoption was to the point of fulfilling the engineering
requirement of ensuring potential incompatibility had a high probability of
being identified, however the adoption was not to the point of qualification of
the materials or components, this being outside the scope of the project.

Orbital Engine Company E20 Vehicle Ethanol Report 16



3 Test Fuel Management

The test program required Orbital to procure sufficient quantities of fuel grade
Ethanol, Unleaded Petrol (ULP), Premium Unleaded Petrol (PULP), and Lead
Replacement Petrol (LRP) in both summer and winter grades including ULP
and PULP in bulk storage on Orbital's site. These fuels were used as the
blend stocks for the preparation of the various ethanol blended fuels required
for both the vehicle and materials compatibility testing phases of the program.

Details as to the specification of and/or the actual quality of the procured fuels,
along with independent analyses confirming gasoline quality and blend quality
and strength can be found in Appendix M.

3.1 Hot and Operability Test Gasoline

The hot and operability test gasoline was required in ULP, PULP and LPR
grades and was sourced from the Caltex Kurnell refinery in New South Wales
through the Caltex Broadmeadows terminal. The fuel was delivered at the
beginning of November 2002 in 205 litre drums. A total of eight drums of
ULP, two drums of PULP and four drums of LRP was received. Each drum
was well labelled and accompanied with a Material Safety Data Sheet
(MSDS).

The fuel was renamed for the purposes of standardization with company
quality procedures and the individual drums were identified according to the
following naming convention. The hot and operability test gasolines were
renamed AEN Summer ULP, AEN Summer PULP and AEN Summer LRP.
The individual drums have been identified with the prefix S for summer and
numbered according to the number of drums in the group, ie. AEN Summer
ULP S1 - S8, AEN Summer PULP S1 — S2, etc. All operability testing except
for the cold tests were completed with AEN Summer ULP, PULP and LRP
neat and the ethanol blended with AEN Summer ULP, PULP and LRP
respectively to produce the E20 fuel blends.

A second batch of hot and operability test gasoline in ULP and LRP grades
was procured from the same source and delivered at the end of December
2002 in 205 litre drums. A further nine drums of ULP and four drums of LRP
were received. The individual drums were identified as batch two and labelled
with the prefix S2, i.e. AEN Summer ULP S2/1 — S2/9 and AEN Summer LRP
S2/1 — S2/4.

3.2 Cold Test Gasoline

The cold test gasoline was required in ULP, PULP and LRP grades and was
sourced from the Shell Newport operation in Victoria. These fuels were
delivered at the beginning of November 2002 in 205 litre drums. Four drums
of ULP, one drum of PULP and two drums of LRP were received. Each drum
was well labelled and accompanied with a MSDS.

The fuel was renamed in accordance with the identification protocol. The
individual drums have been identified with the prefix W for winter and
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numbered according to the number of drums in the group, ie. AEN Winter ULP
W1 - W4, AEN Winter PULP, etc.

3.3 Stabilisation Gasoline

Specific test gasoline is only required for the vehicle operability assessment
testing. For general testing throughout the vehicle stabilisation phase and the
20,000 km mileage accumulation phase, pump grade gasoline is suitable.
Existing supply of locally available ULP and PULP sourced from the BP
Kewdale terminal in Western Australia, as stored on Orbitals site in bulk, was
used for this purpose. LRP for stabilisation purposes was sourced from a
local BP service station, as it is not stored in bulk on Orbitals site.

3.4 Engine and Fuel System Materials/Component Compatibility
Gasoline

The fuel system component compatibility gasoline had no specific
requirements, apart from being representative of domestic fuel supply.
Accordingly, the fuel used for the fuel system component compatibility testing
is the locally available ULP sourced from the BP Kewdale terminal in Western
Australia and the LRP as sourced from a local BP service station.

3.5 Ethanol

The fuel grade ethanol was sourced from the Manildra Group in New South
Wales and CSR Ltd. Yarraville Distillery in Victoria. This fuel was delivered at
the end of October 2002. A total of five 205L drums were received. The
packaging identified the contents as SMS 100 F21, containing one percent by
volume ULP as a denaturant. The drums were marked according to the
identification protocol as E1 — E5.

A further batch of fuel grade ethanol was sourced from CSR Ltd. This fuel
was delivered during December 2002. A total of four drums were received
and marked according to the identification protocol as E6 — E9.

3.6 Gasoline/ Ethanol Mixing Process

The process used for achieving accurate, repeatable blends of the various
fuel mixtures was developed by Orbital following a review of information
available from organisations such as CSR, Manildra Group, American
Coalition for Ethanol, Governors Ethanol Coalition and the Alternative Fuels
Data Centre. The lack of explicit technical information and references to the
avoidance of “splash blending” when mixing ethanol and gasoline, led Orbital
to develop a mixing process based on gravimetric measurement of the blend
constituents.

Drummed fuel was stored externally under a covered bunded area
surrounding the bulk fuel storage facility. The drums containing the necessary
blend stocks of gasoline and ethanol were transported to the fuel preparation
area and soaked at 20°C for 24 hours prior to opening and decanting of fuels.
The mixing process required that the densities of the fuel constituents were
measured and the mass of each constituent calculated based upon the
volume required to achieve the requested blend concentration. Scales were
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purchased with a load cell capable of measuring large masses with a high
degree of accuracy. Once measured each constituent was then decanted into
the blend drum. A re-circulating pump was fitted and run for a pre-determined
period of time to ensure blend homogeneity. Once blended, the drum was
then labelled according to the identification protocol. The batched fuel was
then stored at 20°C in the fuel storage area until required for use.

3.7 Fuel Control

There were a total of 16 new fuels and blends evaluated in the various test
phases of the program. An inventory of fuels specific to this program was
created in an excel workbook to assist with the management and control of
fuel use and location.

Of particular concern was control of the blended ethanol fuel concentrations.
In order to qualify the blending process, a one-litre sample was taken from
each drum of blended fuel for in-house density measurement, this was
compared to a calculated value based on the density of the individual
constituents. The ethanol volume of the blends was checked in house using a
basic water extraction method. A second one-litre sample for some blends
was taken by a representative from the Australian Taxation Office and sent to
a testing agency appointed by Environment Australia for independent
analysis. Details confirming the blend strengths and densities of the fuels
used throughout this program along with independent quality data are
tabulated in Appendix M.

Analysis of the data in Appendix M confirms the quality of the supplied test
gasoline, demonstrates the mixing process adopted by Orbital is valid and
shows the effect ethanol has on the base gasoline distillation curve when
blended as E20.

3.8 Engine Oils Used

Each vehicle was operated with the respective manufacturer specified engine
oil. Servicing intervals were followed as per manufacturers specification and
completed by the respective manufacturers authorised service technician.
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4 Vehicle Selection and Preparation.

A summary of the vehicle selection and preparation processes prior to
engaging each vehicle into the test program proper is provided.

4.1 Vehicle Selection.

A thorough analysis of the Australian market was undertaken to assign vehicle
selection based upon a range of criteria including vehicle class, vehicle type,
manufacturer, country of manufacturer and fuel type. A mix of new and old
vehicles was chosen to reflect the age distribution of the on-road registered
fleet. New vehicle types were selected primarily on the basis of sales volume
in the Australian market for 2001, see Table 4.1. OlId vehicle types were
selected primarily on the basis of the applied fuel system, with emphasis
placed on selecting vehicles released just prior to, and shortly unleaded petrol
into the Australian market (1985), as well as encompassing representation of
non-locally built vehicles, see Table 4.2.

The Department of Transport & Regional Services and Environment Australia
reviewed the vehicle selection process and endorsed the choice of
recommend vehicles. A total of 14 vehicles were selected and subsequently
procured for the experimental study, of which there are ten new vehicles (five
vehicle pairs) and four old vehicles. For the purposes of overall quality
control, each vehicle has been assigned a vehicle code. These codes will be
the primary reference used throughout this report, with the last two digits
referring to vehicle number. The selected test vehicles are listed in Table 4.3.

Manufacturer/Model Vehicle Class 2001 Production Percentage of Percentage
Numbers§ Vehicle Class of Fleet
Holden Commodore Large 85,422 449 16.1
Ford Falcon Large 53,534 28.1 10.1
Toyota Camry Medium 18,256 47.7 3.5
Hyundai Accent Small/Light 21,054 9.2 3.9
Subaru Impreza WRX* Sports 6,592 70.0 1.3

* Subaru represents a high performance turbocharged vehicle requiring PULP.
§ Source: ABS passenger vehicles 2000-2001.

Table 4.1 - New Vehicle Fleet Representation

Age Percentage Manufacturer/Model Model | Class Fuel Fuel and
Group* of Fleet Year Aftertreatment
Technology
6-10 23 Toyota Camry ‘93 Medium | ULP EFI TWC
. _ . . Carburettor
11-15 19 Mitsubishi Magna 86 Medium | ULP Oxidation Catalyst
>15 26 Holden Commodore VK ‘85 Large LRP Carburettor
>15 26 Ford Falcon XF ‘85 Large LRP EFI

*. Based on year 2001.

Table 4.2 - Old Vehicle Fleet Representation

Orbital Engine Company E20 Vehicle Ethanol Report 20




Test Phase | Vehicle Code Vehicle Type Vehicle Age Comments
ULP to E20 test plus
Phase 2A AENHOO01 Holden Commodore New E20 20,000 km durability
Vehicle AENFO02 Ford Falcon New ULP to E20 test only
Operability
& AENTOO03 Toyota Camry New ULP to E20 test only
Limited AENHY04 Hyundai Accent New ULP to E20 test only
Vehicle
Durability AENSUO05 Subaru Impreza WRX | New PULP to E20 test only
AENHOO06 Holden Commodore New ULP 20,000 km durability only
AENFOO07 Ford Falcon New No testing being carried out
Phase 2B
Vehicle AENTOO08 Toyota Camry New No testing being carried out
Durability AENHY09 Hyundai Accent New No testing being carried out
(80,000 km)
AENSU10 Subaru Impreza WRX | New No testing being carried out
AENFO11 Ford Falcon Old (MY ’85) | LRP to E20 test only
Phase 2A
Vehicle AENHO12 Holden Commodore Old (MY ’'85) | LRP to E20 test only
Operability | AENMI13 Mitsubishi Magna Old (MY '86) | ULP to E20 test only
AENTO14 Toyota Camry Old (MY '93) | ULP to E20 test only

Table 4.3 - Selected Test Vehicles

The initial experimental program proposed to Environment Australia via the
tender submission (1) included both vehicle operability and extended vehicle
durability assessment. The scope of work was subsequently amended such
that testing focussed primarily on operability, with an assessment of exhaust
emissions limited durability on one new vehicle pair (AENHOO1 and
AENHOO06) only to 20,000kms, as opposed to the original proposal of multiple
vehicle pair durability tests to 80,000kms each. In order to differentiate this
change to the work scope, vehicle operability assessment is referred to as
Phase 2A and extended vehicle durability assessment as Phase 2B.
Progression with Phase 2B will be contingent upon approval from
Environment Australia at a later date. Without the completion of Phase 2B,
only very limited exhaust gas emissions, engine wear, fuel system, and other
durability related data was available and reported herein. However, should
phase 2B be approved, this data will be available in the reports issued as part
of the Phase 2B program.

4.2 Vehicle Preparation.

A summary of the vehicle preparation process undertaken prior to engaging
each vehicle into the performance testing program activity is outlined below.
There are differences in preparation of the new and old vehicles and these are
clearly detailed in the following section.

4.2.1 Vehicle Inspection Tasks.

All vehicles were thoroughly inspected in order to establish the best possible
locations for the sensors necessary to make the required measurements of
the various pressures and temperatures during the performance testing of the
vehicle pool. At this juncture, all vehicles were appropriately identified with
the appropriate vehicle code and each vehicle was assigned a bound and
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protected book containing details of the testing schedule and sign off criteria
that were to be met prior to engaging the vehicle in the performance testing
component of the program.

4.2.1.1 Engine Disassembly, Inspection and Rebuild.

This process is undertaken on all the new vehicles subject to test. The
purpose of this exercise was to obtain the baseline data set for the analysis of
base engine condition and component wear. Following engine disassembly,
the relevant engine components were inspected, measured and
photographed as required. The engine was then rebuilt.

The respective manufacturer’s authorised service technicians conducted all
engine disassembly and rebuild activity.

The baseline data was recorded and is complied for each vehicle in the
appropriate appendices.

4.2.1.2 Dealer Refurbishment.

This process is undertaken on all the old vehicles subject to test. Typically,
older vehicles will have accrued high mileage, therefore necessitating a
thorough inspection to gauge vehicle condition. This inspection covers key
components of a range of critical vehicle systems (engine, fuel, EMS,
aftertreatment, transmission, suspension, brake and clutch) and is used to
determine the level of refurbishment required to return the vehicle to a similar
as-new functional and roadworthy condition as possible. This was necessary
to complete the vehicle operability assessment without influence of
substandard function and condition.

The respective manufacturer’s authorised service technicians conducted the
refurbishment activity.

Following dealer refurbishment, the old vehicles were run over the appropriate
driving cycle and emissions tested according to the ADR specified for the
vehicle. This was found necessary to ensure that the vehicles were in-tune to
met the regulated exhaust emissions levels specified for each vehicle model
year. One vehicle in particular, the Holden Commodore AENHO12 required a
number of tests and adjustments before meeting the regulated emissions
levels specified for this model year vehicle type.

4.2.1.3 Vehicle Instrumentation.

In order to analyse the environmental and vehicle operating conditions, a
variety of sensors and gas sample pipes are installed to measure system
temperatures, pressures and exhaust Air Fuel Ratio (AFR) and to measure
tailpipe emissions.

4.2.1.4 Fuel System Assessment.

Once the vehicles have completed their 6,400km stabilisation, the major fuel
systems components (fuel pump, fuel filter, fuel regulator and fuel injectors)
were functionally tested according to the relevant SAE standards, (14, 13, 15
& 12). All bench testing was undertaken using test fluids as specified in the
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relevant standard. Furthermore, the condition of the abovementioned
components was recorded by photographic and written assessment. This
assessment was confined to the new vehicles only.

This provides a baseline of the performance of these components. If the
Phase 2B 80,000 km mileage accumulation is completed, then the major fuel
systems components will be tested once again.

4.2.1.5 Inspection and Maintenance (IM) 240 Test.

The IM240 test procedure, (20), was selected to verify the vehicle emissions
and combustion quality before and after any disruption to a vehicle’s engine,
fuel, engine management or aftertreatment system. This test was confined for
use with the new vehicles only.

The IM240 test was also used to measure the vehicles tailpipe emissions and
fuel consumption at each scheduled service stop during mileage accumulation
to 20,000 km. The purpose of this testing was to quickly confirm the vehicle
was performing as expected by comparing previously measured emissions
and fuel consumption, thus eliminating the possibility of extensive mileage
accumulation on a malfunctioning vehicle.

The IM240 test is an inspection and maintenance drive cycle is used in the
USA to verify emission quality of in-use light duty vehicles. The test was
designed to detect high emitting in-use vehicles that require maintenance on
inadequately performing emission control systems. The IM240 has a duration
of 240 seconds, representing a 3.1 km route with an average speed of 47.3
km/h and a maximum speed of 91.2 km/h. The test also includes procedures
for checking pre OBD-II (On-board Diagnostics 2) evaporative emission
systems and fuel cap integrity, however only the IM240 vehicle tailpipe
emissions procedure was used during the vehicle testing, fuel consumption is
an automatic measurement outcome of the emissions test procedure.

4.2.1.6 6,400km Mileage Accumulation.

In order to break-in the new and rebuilt engines and to stabilise the
aftertreatment systems, the vehicles need to be operated for a set distance.
For this project, all new vehicles and the refurbished older vehicles are
scheduled to accumulate 6,400km. All mileage accumulation will be via
ADR?79/00, (21), Appendix 1 Annex VIII and run on Orbitals mileage
accumulation chassis dynamometer (MACD) facility.

4.2.1.7 New and Old Vehicle Preparation.

Table 4.4 and Table 4.5 present the respective preparatory tests and
procedures that each new and old vehicle underwent, the data recorded was
assessed for consistency and to ensure the vehicle was operating normally
with no system or component failures. All new vehicles were found to meet
these criteria and were then cleared for the performance assessment
component of the program.
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Preparation sequence
Source vehicle
Pre-test inspection
Engine disassembly, component
measurement & engine rebuild
Vehicle Instrumentation
Post-rebuild emission test - IM240
6,400km mileage accumulation

o Pre-disassembly emission test -IM 240

A |B
Test fuel Gasoline
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Table 4.4 - New Vehicle Preparation Sequence.
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Table 4.5 - Old Vehicle Preparation Sequence.

Both the Mitsubishi Magna (AENMI13) and the Holden Commodore
(AENHO12) old vehicles required tuning before they passed the ADR
emissions check; prior to the 6,400km mileage accumulation process.

The Toyota Camry did not require an engine overhaul as the ADR emissions
check revealed the vehicle to be well within exhaust emissions requirements.
Based on this data the Toyota Camry was not processed through the 6,400km
mileage accumulation as it was deemed to be stable with a road mileage of

All old vehicles were cleared for performance assessment.
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5 Vehicle Performance Results.

5.1 New Vehicles

A summary of the performance and evaluation tests for both neat gasoline
and the E20 fuel blend undertaken on the new vehicles is discussed below.
Test reports for each vehicle test are included in the appendices to this report.

5.1.1 Engine Power Evaluation.

This assessment evaluated the wide-open throttle (WOT) or full load
performance of a power train installed in a vehicle. The test procedure
adopted is based on SAE J1491 (19), measuring acceleration from both a
standing start and from a stabilised speed of 64km/h. All testing was carried
out at Orbital’s MACD facility. Details of the test procedure can be found in
WOT performance test reports in the vehicle appendices. The full load tests
with E20 were conducted after the E20 snap test. Following the E20 snap
tests, the vehicle was run on E20 blend fuel for a distance of 200 km on an
open road circuit in order to ensure that engine management system (EMS)
adaptation had occurred on E20 blend fuel. An IM240 emissions and
driveability assessment test were also conducted before the full load. It is
therefore reasonable to assume that if any adaptation of the EMS was going
to take place it would have occurred.

For the standing start tests, three WOT accelerations were performed from a
standing start to a speed of no less than 100km/h, and covering no less than
402m. The vehicle speed, exhaust temperatures and exhaust lambda were
logged. Lambda, or relative air fuel ratio, often expressed as the symbol A
being defined as:

A= (Actual air fuel ratio)/(Stoichiometric air fuel ratio)

(Further details on definitions and the properties of ethanol can be found in

(4)).

For the 64 km/h test, the vehicle was held at a constant speed of 64km/h and
then accelerated at WOT to 97km/h. Separate tests for manual transmission
vehicles were run in top gear, and top gear less one, and not downshifted
during the acceleration. Automatic transmission vehicles were allowed to
downshift as determined by the vehicle transmission controller. Again the
vehicle speed, exhaust temperatures and exhaust lambda were logged.

Figure 5.1 and Figure 5.2 shows the results for the two tests conducted for all
the new vehicles tested. Overall there is little difference between gasoline
and E20. The largest difference recorded for standing start acceleration was
for the Toyota Camry (AENTOO3) with a 10% improvement. However, for the
acceleration from 64km/h E20, this vehicle was marginally worse with E20,
with the elapsed time increasing by approximately 5%. From Figure 5.2, for
the acceleration from 64km/h the Hyundai Accent (AEHNYO04) and Subaru
Impreza WRX (AENSUO0S5) both appear to have improved with the use of E20.
However the WOT acceleration test data indicated a degradation of
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Elapsed Time To 402m (Sec)

performance up to a speed of 97 km/h when using E20. When the full
acceleration curves are examined, the different gear shifting techniques
employed by the two drivers can account some of the reduction in
performance. If the acceleration time lost on gearshifts is removed the
acceleration times are relatively close.
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The exhaust lambda data from the full load performance is of more
significance. This data gives some insight into how the vehicle EMS adjusts
to the different fuel types. Typically in full load operation an engine will be
calibrated to run richer than stoichiometry (A<1). In this mode the closed loop
controller, using feedback from the oxygen sensor, is no longer operational.
Therefore, during open loop operation there will be no correction applied to
the fuelling. In the literature review (4) the various aspects of a closed loop
control were broadly covered. One of the principle aspects covered was that
of adaptation. Adaptation is the adjustment of the base fuelling level (fuel
injection duration) determined from information acquired during closed loop
operation. This is in addition and complementary to any adjustment made to
the fuelling level by the closed loop control action using the oxygen sensor.
Adaptation is used to compensate globally for various changes in the EMS
(deviations in fuel injector response), environmental conditions, fuel types etc.
It is possible that adaptations determined during closed loop operation can be
carried across and applied to the areas of engine operation which are open
loop including full load, engine start up and warm-up and trailing throttle, if the
EMS is so configured. This discussion is further covered in section 5.1.3. ltis
this aspect that can be determined from studying the exhaust lambda values
from the WOT tests on gasoline and E20.

Figure 5.3 and Figure 5.5 show the lambda value (A) in the exhaust for the
Subaru WRX (AEHSUO05) and the Toyota Camry (AENTOO03) as measured by
a wideband oxygen sensor (UEGO). It appears the both vehicles engine
management systems have compensated for the addition of ethanol. For the
Subaru WRX (AEHSUQ5) it can be seen that the lambda value when running
on petrol or E20 is nominally the same across the whole test. The Toyota
Camry (AENTOOQ3) appears initially to have no compensation showing a
lambda value difference of approximately 7%. This difference is expected
from the 20% ethanol in the fuel without any EMS compensation (4). The E20
lambda trace then approaches the same levels as the gasoline trace, in a
similar manner to the Subaru WRX (AEHSUOQ5). It is reasonable to assume
that the EMS system in the Toyota Camry (AENTOO03) has in some part
compensated for the additional oxygen. The variation beyond 12 seconds
might be variability in load, slightly different operation of the transmission
during the test or test variability/measurement. For clarification the parts of
the traces which have a sharp inflection on the trace and in the case of Figure
5.3 go off scale are the positions where a gear change has occurred during
the acceleration.

For the other new vehicles (Hyundai Accent (AEHNY04) Figure 5.7 Holden
Commodore (AENHOO1) Figure 5.11 and the Ford Falcon AU (AENFOO02)
Figure 5.11) all indications are that their respective EMS do not compensate
the fuelling level at full load. The net affect for all three of these vehicles is
that the exhaust lambda value is lean by approximately 7% over the target
lambda value set by the manufacture. With this level of enleanment it is
expected to measure a concomitant increase in the exhaust temperature.
This can be seen in Figure 5.8, Figure 5.10 and Figure 5.12. Normally it is
expected for the post catalyst temperatures to exceed the pre-catalyst
temperatures due to the exothermic reaction caused by the oxidation of CO
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and THC’s. Figure 5.6, Figure 5.8, Figure 5.10 and Figure 5.12 clearly show
this trend to begin with then the trend is reversed as the vehicle is
accelerated. This occurs predominantly as the lambda value decreases (i.e.
richer) as there is less oxygen available in the exhaust for oxidation. There
will also be some secondary affect from the residence time of the exhaust gas
on the catalyst, i.e. the amount of time the pollutants have to react with any
oxygen as the engine speed increases.

For the vehicles which appear to have adapted, the Toyota Camry
(AENTOO03) shows a slight increase in exhaust temperature when operating
on E20. The Subaru WRX (AEHSUO05) also shows an increase in
temperature of a similar order to the vehicles which appear not to adapt. This
is an unexpected result. It should be noted that the Subaru has two catalysts
in the exhaust system a close coupled catalyst and an under body catalyst.
The pre catalyst temperature was measured down stream of the turbo-charger
turbine and upstream of the pre catalyst and the post catalyst temperature is
downstream of the under body catalyst, the most likely reason the post
catalyst temperature never exceeds the pre-catalyst temperature is because
the main exothermic reaction is occurring across the pre-catalyst. Any
temperature rise is lost as the gas travels down the exhaust into the under
body catalyst. It is quite likely there is little oxygen in the exhaust at this stage
hence little or no reaction on the under body catalyst.

Comparison of Lambda for Standing Start

Subaru WRX - AENSU05 " = ~ Lambda Petrol
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Figure 5.3 - WOT Air Fuel Ratio Subaru WRX-AENSU05
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Figure 5.4 - WOT Exhaust Temperatures Subaru WRX - AENSU05
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WOT Pre- & Post-catalyst Exhaust
Gas Temperature Comparison
Toyota Camry Altise - AENTO03
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Figure 5.6 - WOT Exhaust Temperatures Toyota Camry Altise - AENTO03

Comparison of Lambda for Standing Start
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Figure 5.7 - WOT Air Fuel Ratio Hyundai Accent - AENHY04
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Figure 5.8 - WOT Exhaust Temperatures Hyundai Accent - AENHY04
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Figure 5.9 - WOT Air Fuel Ratio Holden Commodore - AENHOO01
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Figure 5.11 - WOT Air Fuel Ratio Ford Falcon AU - AENFO02
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Figure 5.12 - WOT Exhaust Temperatures Ford Falcon AU - AENFO02

5.1.1.1 Conclusion Engine Power Evaluation.

The WOT acceleration results on the new vehicles tested indicate there is no
significant evidence of a detrimental effect caused by the use of E20 on the
WOT performance. The variation in how the different vehicle EMS
compensates for the ethanol is however noteworthy. Three of the vehicles
tested appeared to have no compensation at full load and hence ran lean
when operated on E20. There was concomitant rise in exhaust temperature
for these three vehicles when operated on E20. It should be noted that the
exhaust temperature also increased on the vehicles, which did adapt, when
running on E20. In the case of the Toyota Camry (AENTOO03) the increase in
exhaust temperature was small. In the case of the Subaru WRX (AEHSUOQ5)
there was a marked increase in exhaust temperature when operated on E20,
which was an unexpected result considering the vehicle was clearly running at
a similar lambda value to that when operated on gasoline.

The gasoline full load lambda calibration is predominately set to control
operating temperatures of engine and exhaust aftertreatment components for
durability reasons. An increase exhaust gas temperature has the potential to
lead to engine and aftertreatment system durability issues.

5.1.2 Tailpipe Emissions Assessment.

The regulated emissions from all the new vehicles where tested according to
ADR 37/01 (18). During the test, measurement of air-toxic and greenhouse
gas emissions were also taken. This data will be discussed in sections 5.1.4
and 7.3. The tests were undertaken with both baseline gasoline and E20
blend fuel and occurred after the vehicles had completed the low mileage
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stabilisation distance of 6400km. Test reports detailing the procedures used
and the detailed results for each vehicle test are included in the appendices to
this report.

Also included in this section are the emissions data taken from the vehicles
when they were tested over the AS2877 highway cycle, (7).

5.1.2.1 ADR37/01 Weighted Regulated Tailpipe Emissions

The average weighted tailpipe emissions for all the new vehicles tested on
both straight gasoline and 20% ethanol over the ADR37/01 cycle are given in
Table 5.3 and pictorially shown in Figure 5.13, Figure 5.14, Figure 5.15 and
Figure 5.16. The data is summarised in Figure 5.17. From (4), for closed
loop systems, where the relative air fuel ratio, lambda (A) is maintained in
normal driving conditions, the effect on noxious emissions from a change in
oxygen content in the fuel is minimised so long as the controller is able to
maintain the desired lambda value. Also from (4) a review of published
emissions data was made. The conclusion being that generally, for modern
vehicles with closed loop fuel delivery systems and three way catalyst (TWC)
aftertreatment systems, the addition of up to 20% ethanol results in a
reduction in CO emissions and an increase in NOx emissions. There was
conflicting data with respect to THC emissions. On further review of the
sources of data in (4) it is thought that the data from (35) is the most relevant
as the vehicles used are 1990 to 1995 model year US Federal vehicles. The
emissions legislation that these vehicles complied to was the same as
ADR37/01. From this study, (35) the difference in emissions from gasoline to
E20 are shown in Table 5.1

Exhaust Emission Average percentage change from Gasoline to E20
THC Emissions -25%
CO Emissions -27%
NOx Emissions +29%

Table 5.1 - Percentage Change in Emissions (35)

Figure 5.17 indicates that when operating the vehicles on E20 the trend
presented in Table 5.1 was followed with an overall simple commulative
average reduction of 29% in CO emissions, a reduction of 30% in THC
emissions, and an increase of approximately 48% in NOx emissions. These
results compare favourably with the results presented in Table 5.1 with the
overall average change in CO and THC emissions being very similar, and the
increase in NOx emissions being higher than those measured in (35). Note
that in (35), the average of all the vehicles emissions was also used. In this
paper the comment is made that all the vehicles had similar baseline gasoline
emissions. This is certainly not the case with the vehicles in this study with
three of the vehicles having substantially lower tailpipe emissions. Table 5.2
shows the baseline data reported in (35) and standard deviation compared to
the mean data and standard deviation for the vehicles tested in this trial.
From this data it is surprising that in (35) that the comment was made that the
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base fuel (gasoline) emissions characteristics for all vehicles is very similar,

particularly for the CO emissions data.

Parameter Mean Mean Mean Standard Standard Standard
Gasoline(35) | Gasoline E20 Deviation Deviation Deviation
Gasoline(35) | Gasoline E20
THC (g/km) 0.119 0.087 0.061 0.047 0.060 0.032
CO (g/km) 1.251 0.986 0.702 0.821 0.943 0.570
NOx (g/km) 0.278 0.089 0.132 0.114 0.060 0.108
CO; (g/km) 252.2 242.3 239.8 21.03 37.2 38.5

Table 5.2 - Average Emissions Data from (35) Compared to Average
Emissions Data for All New Vehicles from the Present Trial

The individual vehicle percentage change in tailpipe emissions between
gasoline and E20 has been plotted to understand if the trend remains on an
individual vehicle basis, Figure 5.18. The hydrocarbon and CO emissions
generally reduce when operating on E20 compared with gasoline only fuel.
The largest reductions are seen for the vehicles with the highest absolute
emissions to begin with. The vehicles with comparatively low tailpipe
emissions show a smaller change, with some vehicles showing virtually
showing no difference in tailpipe HC and CO levels on the two different fuels.
Examples of this are the Holden Commodore and Hyundai Accent which show
virtually no change in the tailpipe CO emissions when operated on the
different fuels. The vehicle control systems characteristics and how they
respond to changes in the fuel properties are thought to have a large bearing
on the magnitudes of the emissions changes measured in the testing
program.

The tailpipe NOx emissions show a general increase across all vehicles
except for the Holden Commodore vehicle, which shows virtually no change in
tailpipe NOx emissions. The tailpipe NOx emissions are strongly influenced by
the closed loop controller affecting the NOx conversion efficiency of the three-
way catalysts that are fitted to all new vehicles. The closed loop controller
operating characteristics on the two different fuels can therefore lead to large
differences in the changes in NOx emissions caused by the change in fuel
properties between the different vehicles. This is discussed in more detail in
the subsequent section (see 5.1.3).

It should also be noted here that some of the tailpipe emissions measured are
extremely, low particularly the THC emissions of the Toyota Camry, Hyundai
Accent and Subaru WRX and the NOx emissions of the Toyota Camry and
Subaru WRX. The percentage change in emissions for these vehicles,
although measurable, have only a small significance when compared to the
other vehicles with higher emissions, due to the low level of emissions which
are considerably under the legislated ADR limits on either fuel
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THC THC (of0) co NOx NOx Cc02 Cc0o2
Vehicle Vehicle (Gasoline) | (E20) | (Gasoline) | (E20) | (Gasoline) | (E20) | (Gasoline) | (E20)
Type code g/km g/km g/km g/km g/km g/km g/km g/km
Holden
Commodore
VX AENHOO01 0.140 0.081 0.740 0.728 0.085 0.083 268.4 267.6
Ford
Falcon AU AENFO02 0.164 0.108 2.651 1.677 0.152 0.300 261.0 256.2
Toyota
Camry
Altise AENTOO03 0.032 0.031 0.666 0.457 0.024 0.044 252.0 248.4
Hyundai
Ac{:ent AENHYO04 0.047 0.046 0.342 0.345 0.148 0.180 176.6 172.0
Subaru
Impreza
WRX AENSUO05 0.051 0.040 0.531 0.303 0.037 0.053 257 1 256.2

Table 5.3 - ADR37/01 Weighted Tailpipe Emissions All New Vehicles.
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5.1.2.1.1 New Vehicle Impact of E20 on Regulated Tailpipe Emissions

In order to approximate the impact on regulated emissions for city driving, an
analysis has been performed which includes the relative contribution of each
vehicle type to the total emissions. By examining the new passenger car
volumes for 2001, and by considering 4 classes of vehicles, an approximate
estimate can be established. The four passenger car classes that were
considered are:
1. Large — approximately 41% of the new car fleet. These vehicles are
represented by the Holden Commodore and Ford Falcon test vehicles.
The contribution of the Commodore and the Falcon to this class was
based on the relative volumes of these two vehicles for the year 2001.
2. Medium — approximately 8% of the new car fleet. This category is
represented by the Toyota Camry.
3. Small/Light — approximately 49% of the new car fleet. This category is
represented by the Hyundai Accent.
4. Sports — approximately 2% of the new car fleet. This category is
represented by the Subaru Impressa WRX.
Other classes such as prestige, compact all terrain vehicles etc are not
included in this analysis, as there was no representation from the test vehicles
chosen. The classes which are represented, however, account for
approximately 90% of the Australian new passenger car fleet.

In order to produce an approximate impact on new car emissions, an
assumption was made that all new cars travel approximately the same
distance per year. This assumption is likely not correct, with the larger
vehicles (Falcon and Commodore) accumulating more mileage per year than
the other categories. However, even with this assumption, the large vehicles
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with the higher tailpipe emissions can contribute more than 70% of the total
emissions even though the volumes account for 40% of the new car fleet. The
effect of E20 on these large vehicles is therefore still highly weighted and
therefore important to the overall impact on regulated emissions during city
driving.

Table 5.4 shows a summary of the impact on regulated emissions over the
ADR37/01 drive cycle of E20 fuel compared to gasoline only. Each test
vehicle has been assigned a weighting factor which is the combination of the
representative of the contribution to its respective class (in most cases this is
100% as there was only one vehicle to represent the class except in the case
for the large vehicles) and the contribution of the class to the total new vehicle
fleet.

Regulated Fuel Type Percentage
Emission Gasoline E20 Change (%)
THC (g/km) 0.088 0.063 -27.9
CO (g/km) 0.835 0.659 -21.1
NOx (g/km) 0.121 0.161 33.5

Table 5.4 Impact of E20 on Regulated City Cycle Emissions of New
Vehicle Fleet

The approximation of the impact on the new vehicle fleet is seen to be similar
to the simple average, with the HC and CO emissions reducing by
approximately 28% and 21% respectively, and the NOx emissions increasing
by approximately 34%. Although these impacts are similar to those calculated
from the simple averaging of all vehicles, the magnitude of the NOXx increase
is less. This is primarily due to the reduced effective contribution of the Ford
Falcon due to its sales volume weighting compared to the Holden
Commodore.

5.1.2.1.2 Conclusions ADR37/01 Weighted Regulated Tailpipe Emissions

Based on the analysis presented in the previous section, the following
conclusions can be draw:

e There is a general trend of reduced HC and CO emissions, and an
increase in NOx emissions due to operation on E20 compared with
gasoline only fuel.

e The overall average changes in emissions summed across all vehicles
are not representative of the change for each individual vehicle in the
study. Although the general trend follows for the majority of the
vehicles, the magnitude of the change is substantially different. This is
largely a function of engine control system, and its ability to
compensate accurately for the change in fuel properties.

e A simple prediction of the overall impact on regulated emissions of the
new car vehicle fleet has been performed which shows that the HC and
CO emissions would be reduced by approximately 28% and 21%
respectively, while the NOx emissions would be increased by
approximately 33%.
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e The average percentage change of all the vehicles from gasoline to
E20 compares favourably with other studies of vehicles of similar
emissions compliance, however as stated, this average can give a
false impression of each of the individual vehicle emissions outcome.

5.1.2.1.3 Impact on CO, Emissions of New Vehicles from E20

Although carbon dioxide is not classified as a regulated emission, it is a
greenhouse gas contributor, and therefore needs to be included in the
analysis of the impacts of E20 on the Australian passenger vehicle fleet. From
Figure 5.16 it can been seen that there is a general trend of reduced CO,
emissions with the use of E20 when compared with gasoline only fuel. The
trend is consistent across the range of vehicles tested, with only small CO,
reductions measured between 0.3 to 2.6%. When averaged over all the
vehicles, the CO, emissions reduction was approximately 1%. This small
reduction is consistent with the findings from the literature-based study for
vehicles of similar type (4).

5.1.2.2 AS2877 Highway Tailpipe Emissions (Not regulated)

The tailpipe emissions for all the vehicles tested on both gasoline only and
20% ethanol over the AS2877 Highway cycle are given in Table 5.5 and
pictorially in Figure 5.19, Figure 5.20, Figure 5.21 and Figure 5.22.

From the data, there is seen a general trend of reduced HC and CO
emissions when using E20 compared to gasoline only fuel. The magnitudes of
these reductions are again significantly different between the vehicles, with
the largest reductions generally occurring to the vehicles with the largest
absolute emissions to begin with. These trends are similar to what was found
for the ADR37/01 test results.

The NOx emissions changes are seen to be quite different between the new
vehicles, with no general trend of reduced or increased emissions levels over
the highway cycle when the vehicles were operated on E20. The NOx
emissions were found to reduce for the Commodore and Falcon, and
generally increase for the other vehicles. The general increase in NOx
emissions with E20 is what would have been expected, as measured for the
ADR37/01 cycle. The magnitudes of the tailpipe NOx emissions were also
found to be substantially different. On further investigation, it was found that
the Commodore and Falcon ran lean (open loop) during the highway cycle
with both gasoline and E20 fuels. This operation results in very poor
conversion efficiency of NOx generated while the engine is in lean operation.
The lean operation with gasoline as the baseline also helps to explain the
reduction in NOx that was measured with E20. With the engine running on
E20 with a calibration, which was already lean of stoichiometric operation with
gasoline, there would be further enleanment leading to a possible reduction in
the NOx generation. The other vehicles continued to run at stoichiometric
operation in closed loop control, and as such the NOx emissions were
significantly lower on both gasoline and E20.

The CO;, emissions on average across all vehicles shows a small reduction of
approximately 1% when using E20 compared to gasoline only fuel (see Figure
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5.23). The individual vehicles, however, so show the same general trend, with
both increases and reductions shown for the different vehicles when operating
on E20. It is believed that the differences in the vehicle results are due to
specific vehicle calibrations, including the control system, and the way it
adapts to the different fuel properties. The effect on engine operation due to
the control system function is presented in more detail in section 5.1.3).

The average change in emissions over all the vehicles tested is summarised
in Figure 5.23. This shows an average reduction in HC and CO emissions of
25 and 48% respectively. The NOx emissions, on average, are also reduced
by approximately 9%. This reduction is due to the reductions from the open
loop lean operating vehicles which dominate this average due to the large

magnitudes of the absolute NOx emissions levels.

THC THC co Cco NOx NOx CO02 Cc0o2
Vehicle Vehicle (Gasoline) | (E20) | (Gasoline) | (E20) | (Gasoline) | (E20) | (Gasoline) | (E20)
Type code g/km g/lkm g/km g/km g/km g/lkm g/km g/km
Holden
Commodore
VX AENHOO01 0.020 0.016 0.101 0.021 0.844 0.758 163.3 160.6
Ford
Falcon AU AENFO02 0.042 0.029 0.918 0.384 3.327 3.003 177.0 174.2
Toyota
Camry
Altise AENTOO03 0.023 | 0.016 0.955 [0.539| 0.015 0.025 167.5 162.8
Hyundai
Accent AENHY04 0.011 0.009 0.088 0.087 0.058 0.084 125.3 126.7
Subaru
Impreza
WRX AENSUO05 0.006 0.006 0.101 0.100 0.006 0.008 179.8 182.5
Table 5.5 - AS2877 Highway Tailpipe Emissions All New vehicles
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5.1.2.2.1 Conclusions AS2877 Highway Tailpipe Emissions.

The fo

51.3

llowing conclusions can be made based on the preceding analysis:

There is a general trend across all vehicles of reduced HC and CO
emissions when operating on E20 compared with gasoline only fuel.
Tailpipe NOx emissions changes are varied depending on the vehicle
with no clear trend evident. This was due to some of the vehicles
operating lean without closed loop control, and hence had
comparatively high NOx emissions with both gasoline and E20 fuels.
The overall average changes in emissions summed across all vehicles
are not representative of the change for each individual vehicle.
Differences in control and calibration strategies and characteristics
result in different tailpipe emissions changes when using E20
compared to gasoline only fuel.

The average change across all vehicles in tailpipe emissions shows a
reduction in HC, CO and NOx of 25%, 48% and 9% respectively.

The average CO, emissions across all vehicles was reduced by
approximately 1% for E20 when compared with gasoline only fuel. The
reduction in CO, emissions with E20 was not consistent for all vehicles
tested.

Engine Management Systems Impacts

This section presents an analysis of engine out and tailpipe emissions data
focussed on understanding the impact the E20 fuel blend has on the engine
management system.
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5.1.3.1 Pre-Catalyst Emissions Data (Not Regulated)

Section 5.1.2.1 concentrated on the effect of a 20% ethanol blend on
regulated tailpipe emissions. To better understand the effect of a 20% ethanol
blend on vehicle tailpipe emissions it is necessary to study the change in fuel
has on the pre-catalyst or engine out emissions. This data for all the new
vehicles studied is presented in Figure 5.25, Figure 5.29, Figure 5.32, Figure
5.35 and Figure 5.39. The data is split into the three phases of the ADR37/01
test cycle, phase one cold transient, phase two hot stabilised and phase three
hot transient. This makes it possible to differentiate any changes in emissions
performance between gasoline and E20 that might occur between hot and
cold start, steady state and transient performance

From Figure 5.18 it appears that the Holden Commodore (AENHOO01) and
Hyundai Accent (AENHY04) do not have the expected improvement in tailpipe
CO emissions typically associated with operating an engine with an
oxygenated fuel. Figure 5.25 clearly shows that in fact the pre-catalyst CO
emissions in phase one actually increases for the Holden Commodore. Whilst
for the Hyundai Accent Figure 5.35 the CO emissions remains approximately
the same as for gasoline for phase one. For all the other vehicles there is a
marked decrease in pre-catalyst CO emissions in phase one and for all
vehicles there is decrease in the phase two and three CO emissions. The
result from the Holden Commodore is unexpected, one of the reasons to
oxygenate fuel is to reduce the cold start CO emissions. Also from Figure
5.18 the tailpipe NOx emissions for the Holden Commodore has not increased
in line with the other vehicles tested. The Hyundai Accent tailpipe NOx
emissions has increased but not to the same extent as the other vehicles.
Again this is an unexpected result. There are a number of possible reasons
for these results but the most probable is that when the EMS adapts for the
increased oxygen content of the fuel, it either over compensates or biases
(lambda shifts) the closed loop controller (36). Figure 5.26 shows the
percentage of oxygen in the exhaust pre-catalyst for the Holden Commodore.
It appears from this data that when the vehicle is operated on E20 there is a
marked decrease in the oxygen in the exhaust, particularly when the vehicle is
idling. Comparison of this data to the data in Figure 5.33 for the Toyota
Camry shows that for the Toyota the percentage oxygen is virtually coincident
for gasoline and E20. The data for the Ford Falcon Figure 5.30 and Subaru
Figure 5.40 show similar coincidence. However the Hyundai Figure 5.36
appears to behave in a similar manner to the Holden with a marked decrease
in the exhaust oxygen content when operated on E20, particularly at idle and
light load regions. It is this decrease in oxygen or rich bias which has
increased the CO emissions in phase one whilst at the same time maintained
the NOx emissions levels to be similar between gasoline and E20 for both the
Holden Commodore and Hyundai Accent. It should be noted that the rich bias
need not necessarily be rich of stoichiometry, the base gasoline calibration
could be lean of stoichiometry and the adaptation to E20 has removed this
lean bias. To investigate if this was occurring the modal lambda was
calculated for the Holden Commodore Figure 5.27 and Hyundai Accent Figure
5.37. From these figures it can be seen than when operating on gasoline both
of these vehicles have a lean bias at idle. When these two vehicles are
operated on E20, the adaptation process removes the lean bias. Note all the
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vehicles maintained closed loop control while operating on E20 through the
drive cycle, any differences seen in the percentage oxygen in the exhaust
have occurred as a function of how the EMS has adapted to the change to
E20.

Plots of accumulated or integrated mass of engine out oxygen over the
ADR37/01 drive cycle are shown for each vehicle in Figure 5.28, Figure 5.31,
Figure 5.34, Figure 5.38 and Figure 5.41. If the accumulated plot shows the
lines for gasoline and E20 to be virtually coincident then it can be assumed
the closed loop controller is operating in a similar manner regardless of the
fuel. Clearly from Figure 5.28 for the Holden Commodore and Figure 5.38 for
the Hyundai Accent this is not true with both vehicles having a lower value of
accumulated engine out oxygen (i.e. rich biased) over the drive cycle. The
Ford Falcon, Figure 5.31, appears to have a lean bias to the controller, this is
not apparent from the modal plot of pre-catalyst exhaust oxygen content,
Figure 5.30, but certainly accounts for the large increase in tailpipe NOXx
emissions. This is also supported by a significant drop in the catalyst NOx
conversion efficiency Figure 5.43, (97.9% to 91.3%).

ADR37/01 Average Pre-Catalyst Exhaust Emission Results by Phase
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Figure 5.25 - Average Pre Catalyst Emissions Holden Commodore VX -
AENHOO01.
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Comparison of the modal oxygen content pre-catalyst
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Figure 5.26 - Comparison of the Percentage Oxygen Content Pre-
Catalyst Gasoline vs. E20 Holden Commodore (AENHOO01).
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Figure 5.27 - Comparison of Lambda for Gasoline vs. E20 Holden
Commodore (AENHOO01).
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Figure 5.28 - Comparison of the Accumulated Pre-Catalyst Oxygen
Gasoline vs. E20 Holden Commodore (AENHOO01).
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Figure 5.29 - Average Pre Catalyst Emissions Ford Falcon AU AENFO02.

Orbital Engine Company

E20 Vehicle Ethanol Report

49




gasoline v E20

Ford Falcon - AENFO02

ADR37/01 Phase 1

Comparison of the modal oxygen content pre-catalyst

= Petrol
“E20
“—Vehicle

speed

1000
[ 900
T 800
c [ 700 =
2 s
2 teo0 2
S 3
$ s 1500
- 5
] i 400 2
® o
* 300 ~
- 200
- 100
‘ ‘ ‘ ‘ ‘ 4 ‘ 0
0 50 100 150 200 250 300 350 400 450 500
Time (s)
Figure 5.30 - Comparison of the Percentage Oxygen Content Pre-
Catalyst Gasoline vs. E20 Ford Falcon (AENFO02).
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Figure 5.31 - Comparison of the Accumulated Pre-Catalyst Oxygen
Gasoline vs. E20 Ford Falcon (AENFO02)
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ADR37/01 Average Pre-Catalyst Exhaust Emission Results by Phase
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Figure 5.32 - Average Pre-Catalyst Emissions Toyota Camry Altise
AENTO03
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Figure 5.33 - Comparison of the Percentage Oxygen Content Pre-
Catalyst Gasoline vs. E20 Toyota Camry Altise (AENTO03)
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Figure 5.34 - Comparison of the Accumulated Pre-Catalyst Oxygen
Gasoline vs. E20 Toyota Camry Altise AENTO03

ADR37/01 Average Pre-Catalyst Exhaust Emission Results by Phase
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Figure 5.35 - Average Pre-Catalyst Emissions Hyundai Accent AENHY04
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Comparison of the modal oxygen content pre-catalyst = petrol
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Hyundai Accent - AENHY04
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Figure 5.36 - Comparison of the Percentage Oxygen Content Pre-
Catalyst Gasoline vs. E20 Hyundai Accent (AENHY04).
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Figure 5.37 - Comparison of Lambda for Gasoline vs. E20 Hyundai
Accent (AENHY04).
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Comparison of the accumulated pre-catalyst oxygen

gasoline v E20
Hyundai Accent - AENHY04
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Figure 5.38 - Comparison of the Accumulated Pre-Catalyst Oxygen

Gasoline vs. E20 Hyundai

Accent (AENHY04).
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Figure 5.39 - Average Pre-Catalyst Emissions Subaru WRX AENSUO05.
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Comparison of the modal oxygen content pre-catalyst = Petrol
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Figure 5.40 - Comparison of the Percentage Oxygen Content Pre-
Catalyst Gasoline vs. E20 Subaru WRX (AENSUO05)
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Figure 5.41 - Comparison of the Accumulated Pre-Catalyst Oxygen
Gasoline vs. E20 Subaru WRX (AENSUO05).

5.1.3.1.1 Conclusions Pre-catalyst Emissions Data
It can be concluded from analysis within the previous section that:

e All vehicles maintained closed loop control while operating on E20
during the ADR37/01 test procedure.

e Based on the data presented, individual vehicles have very different
pre catalyst emissions outcomes when switched from straight gasoline
to E20.
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e The differences are a function of how the EMS for the particular vehicle
adapts the closed loop controller.

e It appears from the data measured, the adaptation process that occurs
with the Commodore and Hyundai does not have the same bias
applied to the closed loop controller as when operated on gasoline. The
difference in control is such that when operated on E20 it has either
increased the CO emissions or maintained the same level. The nett
affect of this has been to maintain the pre-catalyst NOx emissions at
similar levels to gasoline.

e For the Toyota Camry and Subaru WRX the adaptation of the fuelling
has occurred and clearly shows that the oxygen levels in the exhaust
for gasoline and E20 are very similar. The nett affect on pre-catalyst
emissions for these vehicles is a decrease in CO and an increase in
NOx emissions predominately in the first phase.

e The Ford Falcon appears to be operating lean of the stoichiometric
point, the effect on pre-catalyst emissions is similar to the other
vehicles which are running slightly rich of the stoichiometric point.
However it is well known that optimal catalyst efficiency is fractionally
rich of stoichiometry (A=0.99 ...1.0)(36), for the Ford Falcon this has
resulted in a reduction in the catalyst performance, see Section(5.1.3.2)

5.1.3.2 Aftertreatment (Catalyst) System Performance

The following section assesses the phase-by-phase performance of the
vehicle aftertreatment systems, Figure 5.42, Figure 5.43, Figure 5.44, Figure
5.45 and Figure 5.46. All the vehicles tested are fitted with TWC’s. The
Subaru (AENSUOQ5) is fitted with a pre-catalyst plus an under-body catalyst.
At a mileage of 6400km there be will be little or no degradation of the catalyst
performance. Overall there is little difference in catalyst efficiency between
operating the vehicles on gasoline and E20 during the second and third
phases. There are minor differences in the oxidation capability of the
catalysts during the first phase, however at this mileage the differences are
not thought to be significant. The only point of significance is the decrease in
NOx conversion for the Ford Falcon Figure 5.43 particularly during the second
and third phases of the drive cycle, when the catalyst is hot and should be
operating at highest efficiency. It is assumed that this purely due to the closed
loop control action as discussed in 5.1.3.1 and not any decrease in the
catalysts ability to reduce NOx when operating the vehicle on E20.
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ADR37/01 Average Catalyst Efficiency Results by Phase
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Figure 5.42 - Average Catalyst Efficiency Holden Commodore AENHOO01

ADR37/01 Average Catalyst Efficiency Results by Phase
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Figure 5.43 - Average Catalyst Efficiency Ford Falcon AENFO02
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ADR37/01 Average Catalyst Efficiency Results by Phase
Toyota Camry Altise - AENTO03
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Figure 5.44 - Average Catalyst Efficiency Toyota Camry Altise AENTO03

ADR37/01 Average Catalyst Efficiency Results by Phase
Hyundai Accent - AENHY04
