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Executive summary

Study purpose

This studywill provide the reader with an appreciation of thkativegreenhouse ga$&HG) intensity
of passenger vehicle fuels in Australia okilagramcarbon dioxide equivalen€QO.-€) perkilometre
travelled basis, compared against a baselinmigfaded petrdULP).

This study forms the GHG assessmeomponent ofa strategic piecéor LPG Australia. The piece
seeks to contribute to thpostioning of the national LPG vehicles agenda in relation to the broader
strategic debate concerning alternatiehicles fuels and drivetrabechnologes It will also serve to
better position the LPG agenda within the widebate surrounding climate chgen andenergy
security

A GHG assessment gfassenger car technologiedl be undertaken in order farovide acomparison

of different vehicle fuels (and drivetrain technologiasylassess the carbon competitiveness of LPG
technologiesThe study aims to consider thaversity of LPG systems sold in Australincorporating
assessmesboth current and future LPG engine technologies.

Assessment methodology

The GHG assessment of individual transport fuels was performed ofe aycle basis using the
SimaPro life cycle analysi®ol (SimaPro7.2). An analysis of upstream and downstream inputs was
conducted to develop an assessment of the various inputs associated with the production and
consumption of transport fuels, theremabling assessment of the carbon intensity on a full life cycle
basis.

The resultingGHG assessments feachtransportfuel were then comparesith the GHG intensity of
ULPin order to provide an authoritative estimaféhe relativeGHG intensity of alternative transport
fuels forAustralianpassengevehicles.

The key elements of the assessment approach adopted under this study can be summarised as follows.

A The assessment of fuel comsption and engine technologiesndertaken via lérature
review, review of current and future market offerings, and with the consultation of industry
experts.

A The subsequent examination of the GHG emissioesdi transport fuetonducted using the
SimaPro model (SimaPro 7.2) and the associated Amastralatabase. GHG emission
intensities were reported on the basis of a kilogram-€@er kilometre travelled in a typical
passenger car.
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It should be noted that the scope of GHG consideration did not extend to examination of the energy
associated withhie repair and maintenance of the road network or pipelines. This component of the
life cycle was deemed to be relatively remote from the fuel process and was, in any event, similar for
all transport fuels (i.e. unaffected by the relativity assessmenteatiopthis report).

Accommodation of assessment uncertainty

One of the major challenges associated with a study of this type is the significant variance in published
data citing GHG emissions for individual transport fuels. In order to redressghés the study team
employed a technique that involved the vetting of specific input data via direct calculations and/or
comparison with other credible data sources. This technique was developed around the following
general principles.

A

ADOPTION OF A CONSERIVE STANCE ON BFR GHG BENEFIV8here there was a significant variance

in the GHG emission intensities of an element of the carbon chain for a specific fuel, the higher
GHG intensity was adopted. Note that this generally occuambdif the variation was significant

to the assessment outcome (i.e. greater than 1%) and could not be otherwise evaluated. The net
effect of this approach is that the assessment may have resulted in an absolute GHG intensity that
is higher than the realorld GHG emissions for a given fuel. Given that the analysis was
conducted on a relative basis, as opposed to an absolute basis, the adoption of this stance was
considered to be reasonable.

CONSIDERATIGDFBROAD DATASETEhevariance within fuel consuntipn figures suggested that it
was nhecessary to consider as broad a dataset as possible in order to increase the accuracy of the
assessment process. Average figures were then used as inputs to the GHG modelling stage.

The application of verification praces, in line with the above principles, resulted in an assessment
technique that was considered to provide a sound basis for the comparison of the GHG intensity of
individual technologies and fuels.

GHGcomparison ofpassengerehicle fuelsand technologies

The results of acomparison of theésHG intensity of passengerehicle transport fuels are shown
graphically inFigure 1. As shown,the assessment considered both thecprebustion (exploration,
extraction, production and delivery) andntbustion GHG intensities for each of the transport fuels.
These intensities, together with the GHG variance relatiti®are listed in Table 1.
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Carbon intensity of an Australian passenger vehicle
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Table 1 GHG intensities of passenger vehicle transport fuels in Ausffigiiaes in italics represent optimised
technology scenarios)

Pre-combustion Combustion Total ULPvs.

CQ-e (g/km) CQ-€e (g/km) CQ-e (g/km) GHG intensity (%)

46.9 235.1 282 0
ULP
449 228.0 273 -3.2%
39.9 214.1 254 -9.9%
LPG
375 205.5 243 -13.8%
41.8 200.2 242 -14.2%
ULS Diesel
40.8 194.2 235 -16.7%
) ) 31.9 159.9 191 -32.3%
Hybridelectric
31.1 155.0 187 -33.7%
51.3 212.7 264 -6.4%
E10 ethanol blend 49.7 206.3 256 -9.2%
102.8 45.2 148 -47.5%
E85 ethanol blend
100.2 43.8 144 -48.9%
47.3 167.7 215 -11.3%
CNG
44.9 161.0 206 -14.9%
) 200 0 200 -29.1%
Electric
160 0 160 -43.3%
105.7 200.2 306 +8.5%
GTL
102.7 194.2 297 +5.3%
267.774 200.226 468 +66%
CTL
259.8 194.2 454 +61%
190.774 200.226 391 +38.7%
STL

185.78 194.2 380 +34.8%
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Summary of key study findings

1 The use of LPG in lieu oJLP in passenger vehicles in Australa likely to decreas&HG
emissions byip to10% given current technology angbstream intensity, potentially increasing to

a 13% benefit for advanced LPG technologies and LPG soumm@dnatural gas fieldst should
be noted, however, thaie
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1 Introduction

LPG Australia commissioneRare Consulting to prepare a strategic pigzecontribute to the
positioring of the national LPG vehicles agenda in relation to the broader strategic debate concerning
alternative ehicles fuels and drivetratechnologes

This study forms the GHG assanent component of that piece, amitl provide the reader with an
appreciation of the relative greenhouse gas (GHG) intensity of passenger vehicle fuels in Australia on
a kilogram carbon dioxide equivalent (&€) per kilometre travelled basis, comparaghinst a
baseline olunleaded petrqULP). As a component of the broader strategic study, it will also serve to
better position the LPG agenda within the widdrate surrounding climate change

A GHG assessment gfassenger cduels andtechnologieswill be undertaken in order tprovide a
comparison of different vehicle fuels (and drivetrain technologiasil assess the carbon
competitiveness of LPG technologi@fie study aims to consider tbeversity of LPG systems sold in
Australia,incorporatingassessmesaboth current and future LPG engine technologies.

The study considers each fuel type together with the combustion technology used, thereby deriving
likely fuel consumption data. This data then provides the basis for a life cycle assessment and
comparison processpredominately conducted using the LCA tool SimaPro and the associated
Australia database.

The final ouputs for each fuel considereteahen compared againstleaded petrol (ULPjo provide
the reader with an indication of the relative GHG intensitgasgfsenger vehicle fuels in Australia on a
kilogramcarbon dioxide equivalen€0.-€) perkilometretravelled basis.
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2 Study architecture

2.1 Study objectives

The principalobjectives of this studywereto provide the reader with authoritative estimates of the:

A  GHG emissions (life cycle analysis) of current and potential fupagsengecar technologies
and fueldn Australig

A  GHGintensity ofLPGrelative to that of othgrassenger vehicleels

Given that the study was undertaken against a considerabléoraifathe data presented the
current literature, a secondary objective was to conduct the study with a level of transparency that
would enable independent vécktion of each fuel assessment in the future.

2.2 Scope of consideration

The study extended to the conduct of three sjpeeitks as outlinedelow.

2.2.1  Derivation offuel and technology data

The first stage of the study involvedconsideration of each fuel type together with the combustion
technologyused in order to determine the likely fueinsumption data. The consideration of engine
technologiesvas extended to an engine optimised for combustion of a given fuel, and thantesu
impact on fuel efficiency.

The derived fuel consumption data was then used ircdhstruction of carbon networkise. a flow

chart of products and processes and th€iD,-e generation) The output of this stage was the
derivation of estimates ofi¢ GHG intensities of each element of tieéworks.Carbon networks were
constructed using life cycle analysis tool SimaPro 7.2, and the majority of fuel upstream data was
sources from the Australian Database (produced by RMIT).

2.2.2  Establishment of bundary conditionsdr life cycle analyses

Analysing and comparing the emissions of different transport fuels on a life cycle basis requires the
establishment of clear and like boundaries of assessmrtanstudy boundaries were formed based on
the full life cycle of the fuels, from exploration and extraction to combustion, as shdwguie2.1.
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Figure2.1

Boundaries for life cycle analyses

2.2.3  Conduct of GHG analysis (life cycle basis) for individual transport fuels

This task involved thadetermination of the GHG emissions associated with the use of conventional
and alternative transport fuels in Australian passenger vehicles. The fuels analysed under this work
included:

A

UNLEADED PETR&Inleaded petrol was assessed based on fuel derwedthe 2006 Australian
average crude blend (31.6% domestic crude blended with 68.4% imported crude) and refined in a
typical Australian refinery.

LIQUEFIED PETROLEGMS Calculations were based on Australian average intensities for LPG
production and théuel was assumed to be compliant with the current Australian Fuel Quality
Standard for LPG used in transport (i.e. Autogas specification).

ULS DIESEICalculations were performed for diesel which was assumed to be derived from the
2006 Australian averagerude blend (31.6% domestic crude blended with 68.4% imported
crude).

HYBRID ELECTRICalculations surrauding the emissions from petrelectric hybrid passenger
vehicles wereas per unleaded petrol, with a%Z2reduction in fuel consumptioapplied (as
detailed inSection 3. Thereal worldfuel savings however,canvary significantlyaccording to
the nature of the actual drive cycle of the vehicle.

ETHANOL BLEN®HEAT STAREHWhile ethanol can be derived from a range of feedstocks, the
most common source in Australia is currently waste wheat starch. Calculations were therefore
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performed for wheat starch waste feedstocks, with GHG intensities derived for E10 and E85
ethanol bleds. Given that the commercial technologies for second generation fuels are still being
developed, the available information on the GHG intensities of these fuels was not considered
sufficiently robust for the purposes of this assessment and was exclodtecbinsideration.

A COMPRESSED NATURAIS CCNG is derived by mechanically compressing natural @asaround
2800psi) and then storing the fuel on the vehicle in high pressure storage cyli@déslations
were based on Australian averages for naturalpgaduction, with provision for compression of
the gas using energy derived fréastraliangrid electricity.

A ELECTRICITElectric car technology is zero emissions at po@t of combustionhowever the
emissions intensitys entirely influenced by the source of electricifjhe study considered
el ectric passenger vehicles O6refuelledbd (chal
black and brown coal, and under a 20% MRET scheme.

A GAs TO LIQUIDSTL is a form & synthetic diesel derived from natural gas using the Fischer
Tropsch process. The process involves a chem
produced from hydrogen and carbon monoxide, derived from natural gas. The syngas is then
convertednto a liquid form and refined for use as a diesel substitute.

A COAL TO LIQUIDETL fuels usecoal as the feedstock and are produced in a similar mem@FL
fuels. The coal is heated to produce the hydrogen and carbon monoxide necessary to create the
syngas, which in turn is converted into liquid hydrocarbons and refined to form a synthetic diesel.

A SHALE TO LIQUIDSTL is aude oil derived from shale feedstoakich isthen refined to produce
diesel It is likely that this oil would then be blended witbhnventional crude to produce a diesel
fuel. Note that, unlikehe synthetic fuel€TL and GTL, the product of STL is a crude oil and not
a finished dieselCalculations were derived from a combination of current literature and data
provided bya commera@l operatodetailingthe shale oil production process.

2.24 Fuels comparison

The third and final stage involved a comparison of the GHG intensities (life cycle basis) of each of the
fuels examined by this studyhe comparison was conducted usinglthseline techniquevith ULP
used as the baseline for comparison of all other transport fuels.

2.3 Study methodology
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2.4 Accommodation of unertainty

One of the major challenges associated with a study of this type is the significant variance in published
data citing GHG emissions for individual transport fuisorder to redress this issue, the study team
employed a technique that involvelaetvetting of specific input data via direct calculations and/or
comparison with other credible data sourcElsis technique was developed around the following
general principles

A ADOPTION OF A CONSERIVE STANCE ON BER GHG BENEFIV8here there was a significant variance
in the GHG emission intensities of an element of the carbon chain for a specific fuel, the higher
GHG intensity was adopted. Note that this generally occurred only if the variation was significant
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independently verified by the study team and was generally excluded from the analysis. The net
effect of this approach was to err on the conservative (or slighthehigide with respect to the
calculation of the GHG intensities of some fuels. This limitation is likely to be most applicable to
the intensities cited for the synthetic fu@le. STL)examined by this study.

A VARIATIONN CHARGING AND ENGIEFFICIEN@Y ELECTRIC VEHICLEHSe emerging nature of electric
vehicle technologies means that there is a wide variety of engine efficisvtdEscontinue to
evolve rapidly Differing chargingrates also creatiea range of values for the energy demand and
emissims per kilometre travelled. Trickle charging is a more efficient method than fast charging,
and the study considered this to also be thetniikely charging applicatioin a domestic,
overnight scenario.

In addition, theGHG life cycle analyses are based a given set of static data that does not reflect
potential changes in time in such elements as refinery efficiencies or vehicle technélogieser,

this and he above limitations were not considered to be detrimental to the relative GHG analysis
presented in the latter sections of this report kather, are cited for the sake of completeness.



GHGLIFE CYCLE ASSESSMPBNWN PASSENGER CACHNOLOGIES AND FBEL

3 Engine technology and fuels assessment

3.1 Assessment structure

This section describes the fuels available in Australia from an enenggnt and greenhouse intensity
perspective, compares them to a petrol baseline and then discusses the relative merits of using each of
these fuels in terms of fuel consumption and combustion emissions. The effect of the combustion
technology employed W also be discussed. The output of this section is then used to calculate
operational costs based on forecasts of fuel prices and full life cycle GHG emissions based on Simupro
modelling.

3.2 Comparison methodology

In order to compare the relativeerits of different fuels, a study has been conducted using a standard
large rear wheel drive vehicle as the comparison platform. Petrol has been chosen as the baseline fuel
and all the other fuels compared against this baseline from the point of vieel cbnsumption and

hence GHG intensity. In order to calculate the amount of alternative fuel used, an energy equivalence
model has been assumed for spark ignition engines. This assumes that Sl engines running on different
fuel will use the same amount efiergy regardless of fuel used as the combustion process and hence
the energy conversion efficiency is basically the same. This basic energy equivalence model is then
modified to assume a variation in conversion efficiency to reflect the degree to Wwhiemgine is
optimised or compromised for that particular fuel. The effect of this variation in conversion efficiency

is reflected in different estimates of fuel consumption. One based on an engine that has not been
optimised for the fuel and one that ssled on an optimised engine.

For compression ignition (diesel) engines, an energy equivalence methodology will not work as the
efficiency with which the fuel is converted to useful work is substantially different. In order to
calculate a reasonable fuansumption to compare against the Sl options a market comparison was
conducted to find identical vehicles that offered a petrol and a diesel powertrain with a minimum of
other changes. This data was then used to provide a reasonable estimate of then rerddaél
consumption a diesel engine would have.

A similar approach to diesel was used for Hybrid vehicles. A market comparison was done for vehicle
models that offered both petrol and hybrid powertrains and a reasonable estimate made of the fuel
consunption advantage that a hybrid powertrain offers.

For electric vehicles an energy consumption model has been created using a vehicle simulation tool
called PAMVEC. This tool allows for the vehicle parameters such as vehicle mass, aerodynamics,
parasitic bsses and onboard energy consumption to be modelled and the overall vehicle energy
consumption to be calculated. This electricity consumption is expressed as Watt hours per km
travelled and can be used to calculate the energy cost and lifecycle enossengehicle.
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IN all cases the fuel consumption figures quoted refer to the fuel consumption as tested according to
ADR 81/02; Fuel economy testing for light vehicles.

3.3 Fuels considered

The full rangeof fuels that are or may be available to Australian passenger car fleet have been
considered. This includes current mainstream fuels such as petrol, diesel and LPG along with potential
alternatives including CNG, ethanol at a range of blengsijdhand éectric powertrains.

3.3.1 Internal combustion engine fuels

For combustion engines, a range of fuels are available depending on the combustion process being
employed. The properties of these fuels and normal combustion paseesswn in Table 3elow.

. . Combustion GHG | Typical
Energy Density | Energy Density* om gs on ypica .

Fuel MI/k MJ/litre Intensity* combustion

g gC02e/MJ process
Petrol 45.6 34.2 66.9 Spark ign.
Diesel 45.95 38.6 69.9 Compression

ign.
Ethanol (E10) 43.9 33.1 60.3 Spark ign.
Ethanol (E85) 31.9 25.0 10.4 Spark ign.
LPG 47.6 26.2 60.2 Spark ign.
CNG 46.6 8.8 (stored at 20( 57.0 Spark ign.
bar)

Table 31 Fuel propertiesSource: National Greenhouse Accounts

As the table and figur8.1 show, th the exception of E85, each of the fuels has similar energy
density on a mass basis but the volumetric energy density varies greatly. This has a great deal of
relevance as the practicality of a fuel is heavily dependent on its volumetric energy dérsty.
volume for fuel storage in a vehicle is limited so any decrease in volumetric energy density will have
an impact on the useful driving range of the vehicle.
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Figure 31

Energy density and emissions

Another important factor is the GHG emission intensity of the fuel. The table and figure show that on
a specific energy basis diesel has the greatest GHG intensity and E85 the least. This situation will
vary once combustion process is taken into accasirthe efficiency of converting the latent heat of

the fuel into useful work can vary substantially.

34 Combustion processes and technology trends in the Australian market

34.1  Spark ignition engines

Spark ignition engines currently dominate fugstralian passenger car market. The key attributes of a
spark ignition engine that make them attractive include:

A Reasonable combustion efficiency especially when coupled with advanced fuel injection
technology
Can burn a wide variety of fuels with ordynall changes to the base engine hardware.
Relatively light weight and low cost to manufacture when compared to compression ignition
engines

A Very good power density allowing powerful engines to be fitted without increasing vehicle size

A Emission controls fo regulated gases are well understood allowing for very low tail pipe
emissions for HC, CO and NOx

A Little or no particulate emissions although this does become an issue that needs to be managed on
direct injected engines.

The general technology trends &park ignition engines will focus in increasing specific power output
and reducing fuel consumption while continuing to meet current and future regulated emission
standards. Some of the key technology trends that will affect fuel consumption goingdferniar
include.
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3.4.2 A move from port fuel injected (PFI) to direct injection (Bthnology

This improves engine efficiency through the charge air cooling effect of injecting fuel directly into the
combustion chamber and increases engine power by reghtdwe fuel injector from the intake port

thus preventing the displacement of inlet air with fuel. There are two types of direct injection
technology, homogeneous charge and stratified charge. Homogeneous charge engines have an even
mixture of fuel and aiin the cylinder and operate at stoichiometry (14.7:1 for petrol) allowing the use
of a three way catalyst to control tailpipe emissions. These engines typically have an efficiency
advantage over a port fuel injected engine of two to four percent. Rarsurrently use direct
injection technology include the Holden Commodore. At the time of launch the Commodore 3.6 litre
DI vehicle had a fuel consumption of 9.3 /2100 km compared to 10.1 for the previous model with a 3.6
litre PFI engine. This represasnan improvement of 8% for this change but a review of published
literature reveals that other significant changes were made to the vehicle including lower rolling
resistance tyres and improved transmission shift maps. The contribtion of DI technolkely i®Ibe

in the 2 to 3% range.

Stratified charge engines can operate in a lean burn mode where the air fuel mixture can be
substantially leaner than stoichiometfhis allows the engine to be much more efficient at part load

as the engine operates in anthrottled mode where power is controlled through changes in air fuel
ratio rather than overall air flow through the engine. These engines can potentially bealé foel
consumption up to 10% less than an equivalent PFI engine. Lean burn DI engines cannot use a three
way catalyst to control tailpipe emissions. Instead they employ a combination of an oxidising catalyst
and a lean NOx trap. The NOXx trap can bélypaffected by sulphur residues in the fuel and typically

are not used in countries where the sulphur content in the fuel is above 10 ppm. The Australian fuel
standard is no more than 50 ppm so it is unlikely that stratified DI engines will be seerradi&\fior

the foreseeable future and have therefore not been considered relevant to this study.

3.4.3 A move towards lower displacement engines with or without boosting

By lowering engine displacement, overall vehicle weight is decreased and engineneffics
increased as the engine operates at higher load factor which enhances combustion efficiency. The
reduction in engine performance is offset by employing advanced combustion technologies such as DI
or boosting through the use or turbo chargers pesihargers. By way of example, the Ford Falcon

will have a 2.0 litre turbeharged DI engine in 2011. It is quite likely that this engine will have very
similar performance to the base 6 cylinder vehi
6 cylinder equivalent.

3.44 Compression ignition (diesel) engines

Compression ignition engines are starting to become more popular in Australia partly due to a growing
awareness of fuel consumption and GHG emissions and partly due to the incredsimygmee and
refinement of modern diesel engines. The key attributes of a compression ignition engine that differ
from spark ignition engines are as follows:

10
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A Much higher combustion efficiency due to higher compression ratio atidrattied operation.
This means that more useful work can be extracted for same amount of chemical energy in the
fuel.

A Can burn a range of diesel fuels that includes, mineral based, vegetable based , tallow based and
synthetics derived from coal to liquid or gas to liquidgesses.

A Higher engine weight for the same power due to the greater internal pressures within the
combustion chamber requiring stronger engine components.

A Higher manufacturing cost due to the precision nature of advanced diesel injection technology
and thegreater amount of materials in the base engine.

A Power density is approaching that of advanced spark ignition engines.

A Turbo charging has allowed modern diesels to achieve similar engine responsiveness to modern
spark ignition engines.

A  Tailpipe emissions foHC and NOx are higher than spark ignition engines and particulates are
also emitted. CO emissions are generally lower due to the engines always operating in lean burn
mode.

The general technology trends for diesel engines are similar to petrol. Spewitr will continue to
increase and fuel consumption will decrease. Most modern diesels use high pressure common rail
direct injection technology in order to increase fuel burn rate and decrease PM emissions. In order to
meet increasingly stringent emisss standards, diesel engines will continue to increase the fuel
injection pressures.

Additionally the turbo charging technology will continue to improve. There will be a trend to higher
boost pressures and variable geometry turbo charges to incféeiemay across the engine speed

range. These efficiency gains will come at a cost as higher pressures demand more precise components
and higher grade materials that are more costly to make.

35 Comparison of diesel and petrol fuel consumption

Figure3.2 shows the fuel consumption for a range of vehicles that come equipped with either a petrol
or diesel engine. All other features of the vehicles are more or less the same so the difference in fuel
consumption is almost completely due to the differenamimbustion technology.

The combustion efficiency advantage of a diesel engine can vary substantially based on the relative
merits of the diesel and petrol technologies employed but a reasonable assumption is that a good diesel
engine should consume 28&6s fuel than an equivalent petrol car. This fuel consumption data will be
used for calculating the relative fuel consumption and CHG emissions.
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Figure 3.2
Percentage improvement on fuel consumption for a diesel engine

351 Petrol baseline

In order to create a point of comparison a baseline vehicle has been used against which all alternatives
will be compared. This means that for all comparisons the basic vehicle attributes such mass,
aerodynamics, auxiliary power consumption and power trasgmistechnology will remain
unchanged. For this study the Ford Falcon has been chosen as it represents a class of passenger vehicle
that has a history of conversion to alternative fuels. The results of the study are transferable to other
vehicle classes.fe baseline profile for the Falcon is as follows

Vehicle Specification Ford Falcon 4 litre 6 cylinder with 6 speed AT
Fuel Consumption (1/10( 9.9

km)
Combustion CO2e gm/km| 227

Note: CO2e emissions are based on calculations using national greefdiose They differ from published CO2 numbers
for the same vehicle as the vehicle emissions are a direct measurement of CO2 at the tail pipe.

As mentioned there will continue to be Sl engine technology improvements that will reduce fuel
consumption. Thenost likely trends will be a move to direct injection technology or to lower capacity
boosted engines with or without homogeneous direct injection. The outlook for petrol powered
engines in the Australian will be as follows

12
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Current State

Direct Injectbn

Lower capacity booste
DI

% improvement 0% 3% 10%
Fuel Consumption (1/10( 9.9 9.6 8.9
km)

Combustion CO2e gm/km| 227 220 204

35.2

Diesel

This section covers the fuel consumption and combustion emissions of diesels using all forms of diesel
fuels.The overall lifecycle emissions of the fuels will vary depending on the fuel source.

Based on the market research conducted it has been concluded that the volumetric fuel consumption of
a modern diesel engine will be 25% less than a petrol engine ofadantipower.IT is assurad tha
the efficiency of diesel engines will continue to improve at the same rate as petrol engines.

Current State | 5 year outlook
Fuel Consumption (1/100 | 7.4 7.2
km)
Combustion CO2e gm/km| 199 193

3.5.3 Ethanol

Ethanol is available in Australia as a petrol/ethanol blend at either 10% or 85% by volume. Ethanol
has approximately 32% less embodied energy per unit volume than petrol so blending it with petrol
will reduce the effective energy content of the fuel amwlease overall fuel consumption. At 10% or

less, ethanol blends can be used in existing S| engines without modification and with little noticeable
change in fuel consumption or performance. At 85% the use of ethanol requires the modification of
some engie components to avoid corrosion and the substantial adjustments to engine calibration to
compensate for the substantially different fuel properties. Injection times have to be increased to allow
sufficient fuel to flow to achieve stoichiometry and spadkamce timing should be adjusted to take
advantage of the fuels higher octane rating.

GM offer a range of vehicles Australia that can operate on any blend of fuel between 0% and 85%
ethanol. They use a fuel sensor to estimate the % of ethanol in tiodev@ink and automatically
adjust engine calibration to match the blend. There are no published fuel consumption figures for
Australian made E85 vehicles but based on a review of flex fuel E85 cars in the US this adjustment in
calibration can be expected yield a 5% improvement in fuel consumption compared to the direct
energy substitution calculation resulting in an overall fuel consumption penalty for an optimised E85
vehicle as shown below.

E10 E85 Optimised E85
Fuel Consumption (I/200 | 10.2 13.5 12.9
km)
Combustion CO2e gm/km| 204 35 33

13
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354 LPG

The technology used for running the vehicles on LPG has steadily increased in sophistication over
time in order to increase performance and overall efficiency. The early systems were gas mixers
installed in the inlet hose and a solenoid that switched degtwetrol or LPG based on a driver
command. Later systems have moved to port fuel injected technology that provides more accurate
metering of fuel and closed loop fuel control but are on the whole still sub optimal in terms
combustion efficiency.

The key problem with the aftermarket conversions and some OEM offerings is that they piggy back
off the petrol engine control system and do not adjust other critical engine parameters such as spark
advance to ensure that the fuel is burned in the optimal way.

The other compromise with an LPG conversion or an OEM based duel fuel product is that the base
engine will not be optimised for the higher octane rating of LPG. A higher octane allows for the
engine compression ratio to be increased which in turn hasdicsigt impact on overall engine
efficiency. This compromise in combustion efficiency is currently reflected in the fuel consumption
of the LPG products on the market. The difference in theoretical fuel consumption and actual
published fuel consumptios shown in below.

Product Petrol Energy Actual LPG Lost potential
Consumption. | Substitution Cons. (%)
(1/200km) Fuel (/200 km)
Consumption
(/200 km)
BF Ford* 11.15 14.6 15.3 4.7%
2010 Holden 10.6 13.8 14.2 2.8%
Commodore**

*Data from Orbital LPG website.
** Data from Green Vehicle Guide

Several vehicle manufacturers now offer factor
model year EGas Falcon was a dedicated mduel product and the Holden Commodore offeriggi

dual fuel solution. Both of these companies have next generation systems under development with
both opting for monduel systems. Ford intend to use liquid PFI injection technology and Holden will

use gaseous PFI technology but critically, this fueltiol will be handled by the main engine ECM

and all calibration parameters will be properly optimised. These offerings will therefore be much more
sophisticated in terms of overall system integration and it is expected that one or both of the products
will have the compression ratio optimised for LPG.

It is expected that these programs will improve the fuel consumption over the energy equivalence
model by 3%. They will be the first products on the Australian market that will properly exploit the
propeties of LPG as a fuel. These next generation products will set the benchmark for future products
and this study has based its estimate of future LPG fuel consumption on the expected performance of
these two programs.
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Current State Energy Optimised LPG
Equivalence
Fuel Consumption (I/200 | 14.0 13.5 13.1
km)
Combustion CO2e gm/km| 224 215 207
355 CNG

CNG is a gaseous fuel that is stored in a compressed state typically at 20@dmamllso be stored as

a super cooled liquid but this is typically only used on heavy vehicles to provide the range required for
line haul operations. All of the CNG options in Australia are aftermarket conversions and use very
similar strategies anbdardware as the LPG conversions. They also have the same limitations as the
LPG conversions with performance and efficiency being compromised by non optimised fuel
metering, spark advance and compression ratio.

As there are no OEM product offerings thie market there are no published fuel consumption data for

an Australian CNG vehicle. There are some OEM products released in Europe and the published data
from these vehicles can be used to estimatadlative fuel consumption of a petrol vs CNG large

RWD passenger car. The published data for an Opel Zafira has been used to verify the energy
equivalence calculations for a large RWD passenger vehicle.

Fuel
Consumption
MY 2008 Zafira Petrol 7.11/100 km
MY 2008 Zafira CNG 5.0 kg/100 km
Energyequivalence CNG 5.2 kg/100 km
consumption
Optimisation dividend 4%

The CNG Zafirahas been optimised both in compression ratio and calibration to suit the CNG fuel
and has reaped an efficiency dividend of 4% for doing so. Based on the data above we can be
reasonably confident our baseline RWD passenger car would have the followitgyipogferated on

CNG.

Energy Optimised CNG
Equivalence
Fuel Consumption (kg/100 km) 7.3 7.0
Combustion CO2e gm/km 193 185

At this point in time there are no announced plans for any CNG products from OEMs. The only
market for CNG vehicles passengeghicles in Australia will rely on conversions. It is therefore
reasonable to assume that the fuel consumption of CNG vehicles in the foreseeable future will not
have fuel consumption any greater than the energy equivalence model and in reality witdéran

this due to sub optimal conversions.
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3.5.6  Hybrids

A hybrid powertrain is one that uses a combination of power sources to move a vehicle. For passenger
vehicle applications this is typically a petrol or diegelvered combustion engine and aecéiic

machine coupled to a larg@apacity battery. The electric machine can act as either the primary or a
supplementary source of tractive effort depending on the hybrid configuration chosen.

The primary purpose of a hybrid powertrasrthe recovery of braking energy (regenerative braking)

and to save fuel when the vehicle is stationary by switching the engine off. In a normal vehicle all the
kinetic energy associated with the veheddnaebds
hybrid vehicle, the electric machine absorbs this kinetic energy by generating electricity and storing it

in a large capacity storage battery. This energy can then be used to accelerate the vehicle by using the
electric machine as a motor and #fere replacing some of the fuel that would normally be required.

As a general rule of thumb, a hybrid system can recover about 50% of the braking energy.

Hybrid powertrains can be coupled with either petrol or diesel powertrains but all the markegsffer

in Australia and most other markets except Europe are petrol only. The chief reason for this is that the
combination of a diesel engine and a hybrid powertrain is a very expensive combination and some of
the idle off fuel savings are lost on a diesegine as its idle fuel consumption is much better than a
petrol engine. The overall percentage fuel saved for a diesel engine should be less than a petrol if all
other factors are equal. For these reasons this study has only considered petrol powidsed hyb

A survey of the Hybrid options in Australia has been conducted to determine the expected fuel
consumption savings associated with hybridisation. The results are summaFggdén3.3 below.

60%

50%

40%

mCi
30% - b4

H Highway
= Combined

20% -

10%

0% -

Toyota Camry Honda Civic Lexus GS Lexus RX

Figure 3.3
Percentagesavings in fuel due to hybrihtion
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For this study a fuel saving of 32% has been assumed for hybridisation which represents the mean of
the Australian market offerings.

3.5.7 Electric Powertrain

A new class of vehicles is about to become available in the passenger car segnzeatpgbatered

by electricity stored in advanced lithium ion batteries. These vehicles will have very low running
costs and no tailpipe emissions but will come with other limitations such as limited driving range. In
order to compare the energy consumptiéran electric car to the baseline vehicle a calculation has
been conducted using an energy modelling tool called PAMVEC. The input assumptions used for
this model are as follows:

Mass of car without ICE 1300 kg Aerodynamic drag area (samebase | 0.83
powertrain car)

Continuous accessory load 700 watts Required 0 to 100 acceleration time | 9 sec
Required driving range 160 km Gradeability @ 100 kph 6.5%

Based on these key input factors and assumptions for charging losses the PAMVEC predicts an energy
consumption of 190 Watt hours per km including charging losses.

3.5.8  Synthetic diesel fuels

Fuel consumption estimates for the assessed synthetic fliese(GTL, CTL and STL) were based

on the efficiencies associated with conventional diesel. The diesel figures (L/100km) were applied in
an energy equivalence calculation conjunction with the energy contents of the synthetic diesel
products to arrive ahe following figures.

GTL CTL STL
Fuel Consumption (I/200 | 8.8 7.8 8.1
km)
Optimised fuel 8.5 7.6 7.9
consumption
3.6 Comparison and Summary

In order to make a meaningful comparison between the options discussed the conclusions of the study
havebeen summarised into two sets of predictions. The first sedsesgs a comparison based on
todayés technologies and current product of fer
based on expected increases in efficiency that may be seehevext 5 years.

These efficiency dividends reflect improvements and engine technologies and application engineering
effort related to them. It does not include fuel consumption improvements that are due to other vehicle
improvements such as vehicle masguction, aerodynamic improvements or parasitic load reduction.
The actual vehicle fleet will exceed the predictions in this report due to the efforts all car producers are
making to mprove overall fuel consumption.
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In order to make a fair comparisotie following rules have been applied in combining potential
improvements in engine technology.

A For liquid fuelled (Petrol, E10, E85) Sl engines, any improvements in engine technology such as
direct injection or boosting are equally applicable.

A  For diesel engines, there will be incremental improvements in fuel consumption that are similar to
those for Sl enegines.

A For hybrid vehicles, any improvements in engine technology are equally applicable

A For LPG fuelled vehicles there will be a trend tosg OEM produced systems with fully
optimised engines and calibrations

A  For electric vehicles, there will be a substantial improvement in overall vehicle efficiency of 10%
as vehicle engineers learn how to optimise this new form of vehicle technology.sBebau
technology is new, the initial rate of improvement will be high.

Based on these assumptions the near term and 5 year horizon fuel consumption and combusting
emissions have been calculated.

Fuel Consumption | 5 year Outlook
Petrol (1/100km) 9.9 9.6
Diesel (1/100km) 7.4 7.2
E10 (1/200km) 10.2 9.9
E85 (1/100km) 13.5 125
LPG (1/200km) 13.5 13.1
CNG (kg/100 km) 7.3 7
Hybrid (1/200km) 6.7 6.5
Electric (Wh/km) 190 171

Table 32 Current and 5 year outlook energy consumptianfuel type
Fuel Combustion | 5 year Outlook

CO2e

Petrol 227 220
Diesel 199 193
E10 204 197
E85 35 33
LPG 215 207
CNG 193 185
Hybrid 154 150
Electric 0 0

Tabk 3.3 Current and 5 year outlook combustion emissions
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4 GHG assessment

4.1 Upstreamassessment

In its simplest form, analysis of the life cycl8HG emissionsof a transport fuel involves
consideration of upstream (or prembustim) emissions and downstreamwofnbustion) emissions.
For the purposes of this study, upstream emissions weesumesl from the point of feedstock
sourcing to the point of vehicle fuellings a consequence, the key components of the carbon chain
used tocalculatethe GHG emissions of the upstream processes inckked)y associated with the

exploration and extrion of the energy feedstock
transportation of the feedstock to the refinery point
production or refining process

distribution of thefinished fuel product to the refuelling paint

> >

A summary of the upstream supply chain for each of the transporicfuedgdered under this study is
provided in Table 4.1.

Table 4.1 Summary of the key components of the upstream proeséar fuels

Fuel source Typical mode Process Derived

of transfer fuel

Upstream emissions
end point (following

(exploration

and extraction)

to processing

distribution)

Oil field Shipping/ Refining Diesel Dispensing/
pipeline consumer

Gas/oil Shipping/ Refining LPG Dispensing/
pipeline consumer

Oil field Shipping/ Refining ULP Dispensing/
pipeline consumer

Wheat starch Transport Distillery Ethanol Dispensing/
consumer

Natural gas field Pipeline Compression CNG Dispensing/
consumer

Electricity Grid Stationary energy Electric Dispensing/
transmission generation battery power consumer

Natural gas field Pipeline FischefTropsch FischefTropsch dispensing/
conversion diesel consumer

Coal field Transport FischefTropsch FischefTropsch Dispensing/
conversion diesel consumer

Shale Transport Retorting Diesel Dispensing/
(shale derived) consumer
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Where available, the energy content of fuels was sourced frolGiAdactorsworkbook(DCC 2009)
and ABAREenergystatistics (ABARE 2009)TheNGA factorsdocument also provides the emission
factors (kgCO,-e/GJ) for fuels combusted, and these were agglieestimating tailpipe emissions
from the modelled vehicle travel as discussed in Section 3.

4.2 Downstream assessment

The study sought to provide a comparative analysis of all fuels. As a result, the downstream
assessment for all fuels was confinedh® combustion process, with the distribution of fuels from the
refinery to consumer considered an upstream component.

The combustion of fuels was modelled through their use in a passenger car, travelling a distanc
onekilometre. The amount of fuebmbusted and methodology for assessing this amount is discussed
in Section 3. The study didot consider emissions associated with public infrastructure use (such as
roads) and maintenance amnigifrom the distance travelled.

4.3 ULP

43.1 Description

Petol is an oitderived transport fuel derived from nanomatic compounds. Throughout history, oil
producers have introduced small additives to improve the combustion performance of this fuel and
reduce knocking, including traces of lead. Human health cos@drout the emissions of airborne lead
from motor vehicles resulted in the exclusion of this additivesulting in the introduction of
unleaded petrol in Australian in 1985.

43.2  Application

The vast majority of the Australian passenger vehicle @ipetates on unleaded petrol in all its variant
forms (i.e. Regular and Premiurds a result this fuel was modelled as the baseline fuel.

43.3 Data inputs and assumptions

The study modelled ULP as refined from a blend consisting of 68.4% importedairzael 31.6%
domestic crude (ABARE 2006).

The upstream emissions from crude oil exploration and extraction were based upon figures for the
2006 production year presented by the Australian Petroleum Production & Exploration Association to
the Greenhouse Rallenge Plugprogram (APPEA 2007a). This data was taken to be the same for both
domestic and imported oils, and no specific oil fields were assumed as the source of imported oil.
However, imported crude oil is assumed to have a moderately lower enetgytcitian domestic
crude, and is assumed to have been transported an average distance &M ®y8ea.

The study incorporates the Australian SimaPro database information for refining, in which refinery

energy is sourced from natural gas and oil irmpproximately 1:4 ratio respectively. The shipping of
refined fuel product to consumer is then assumed to be over an average distancewof. 1500
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The vehicle considered by this analysis is discusse8ettion 3 The fuel consumption modelled
under the coventional engine technology was 9.9L/100 km, and 9.6L/100 km when used in an
optimised ULP engine.

434  GHG emissions (LCA)

Emissions values are given on a per kilometre travelled basis, with the significant majority of the life
cycle emissions from ULBccurring at the combustion stage, followed by the production/exploration
process and refining (Figurelj.

Figure 4.1
GHG intensity of UR_(g C®e/km)

4.4 Liquefied petroleum gas

441 Description

LPG is a fuel consisting of a mixture of hydrocarbons, predominantly propane and butane. Under light
compression, the gaseous mixture forms a liquid and is transportable in pressurised canisters within
vehicles.When considered on arg@valent energy basi LPG emitssignificantly lessCO
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4.4.3 Data inputs and assumptions

The study sources upstream data for LPG from the oil asdafining process contained within the
SimaPro model, with this data drawn from emissions reported by APPEA for the year 2006 (APPEA
2007a). The LPG fuel product is then assumed to be transporte#rh3dthe consumer.

The combustion of LPG is modellehrough useén two LPG vehicle technologies as discussed in
Section 3: direct injection and liquid injection (optimised). The modelled vehicles are assumed to
require 13.3 L/100km and 12.7 L/100km respectively.

444  GHG emissions (LCA)

The resulting arlgsis indicatedhat approximately 85% of emissions occur atdhbustion stage of
the LPG welto-wheel life cycle (Figurd.2).
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Figure 4.2
GHG intensity of LP@ CGQ-e/km)

45 ULS diesel

45.1  Description

ULS diesel iscurrently available in a relatively limited number of passenger vehicles in Austriaéia. T
fuel is currently derived from the refining of a blend of Australian and imported crude oils.

452  Application

Although diesel is not considered to thee staple fuel of passenger vehicle fleets in Australia, it is
being increasingly taken up as a relatively efficient fUdle fuel utilises compression rather than
spark ignition technology, resulting in generally greater efficiencies.

22



GHGLIFE CYCLE ASSESSMPBNWN PASSENGER CACHNOLOGIES AND FBEL

453 Data inpus and assumptions

The ULS diesel modelled was refined from a blend consisting of 68.4% imported crude oil and 31.6%
domestic crude (ABARE 2006).

Emissions from crude oil exploration and extraction were based upon figures for the 2006 production
year presated by the Australian Petroleum Production & Exploration Association tGthenhouse
Challenge Plugprogram (APPEA 2007a). This data was taken to be the same for both domestic and
imported oils, and no specific oil fields were assumed as the source of imported oil. However,
imported crude oil is assumed to have been transported an average distan@@0xm Gy sea.

The study incorporates the Australian SimaPro database information for refining, in which refinery
energy is sourced from natural gas and oil in an approximately 1:4 ratio respectively. The shipping of
refined fuel product to consumer et assumed to be over an average distance ofkb®00

The ULSD analysis considered a hypothetical passenger vehicle as discusdection 3, with
conventional and optimised engine technologidse study modelled GHG emissions based on fuel
consumptiorfigures of 7.4L/100 km (conventional) and 7.2L/100 km (optimised).

454  GHG emissions (LCA)

Emissions values are given oper kilometre travelled basis as shown in Figure 4.3
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Figure 4.3
GHG intensity oJLSD (g G&&/km)
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4.6 Hybrid electric

4.6.1  Description

A hybrid drivetrain is one where a given vehicle utilises two or more power sources for motive energy.
The most commonly used arrangement utilises an electric motor coupled with an internal cambusti
engine (together creating an electric hybrid). This is the type of system found in most commercially
available hybrid vehicles and many of those currently undergoing development, and was assessed as a
component of this study.

Most current hybrids usde electric motor to accelerate the vehicle from standstill if that is deemed
sufficient to the driverds requirements. At a
come into play to keep the vehicle in motion, however below these speeadisctinie motor will drive

the vehicle, generating significant fuel savings. For these reasons, hybrid technology works best in
urban environments where there is a high proportion of operational time spent accelerating the vehicle
from a standstill.

4.6.2  Application

Hybrid technology, across several vehicle segments, is generating significant market interest with
reports of significant fuel savings, relatively low payback periods and positive environmental
performance. At present the greatest mapeaietration is in the passenger vehicle sector, and the
technology is best applied to urban drive cycles in seeking fuel efficiency benefits, as discussed above.

4.6.3 Data inputs and assumptions

The study modelled the emissions arising from the operafianpetrolelectric hybrid passenger car

using ULP as the conventional fuel source. The ULP component was modelled as per the assumptions
discussed in Section3}.and it should be noted that emissions arising from battery production were
not consideredas the focus of the study was on fuels.

Literature and real world trials indicate a significant variability in the potential reduction in fuel
consumption broughabout by the hybridisation gdetrol with an electric motor. This arises from
different dutycycles and vehicle types, indicating the need for caution when trying to estimate the
greenhouse benefits of the technology.

The study referred to a number sifurces in estimating fuel consumption figures to be modelled for
hybrid vehicle technologiefhoth conventional and optimised), and these are detail&#$ction 3
Valuesfor tailpipe emissions were then modelled based on the reduced fuel consutapdiand in

the same manner as per Sectidh3l.

4.6.4  GHG emissions (LCA)

Emissions values agiven on a per kilometre travelled basis (Figure 4.4).
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Figure 4.4

GHG intensity of petrol-electric hybridpassenger vehicle (g &€/'km)

4.7 Ethanol blends

4.7.1 Description

There is a significant body of literature that suggests biofuels deliver improved environmental and
economic outcomes relative to conventional transport fuels (e.g. C&IRD 2003). Much of this
research was developed at a time when little was known about theor&shperformance of biofuels,
with researchers relying on desktop assessments conducted by the biofuels industry (e.§0CGEIRO

In more recent times, an inasing body of international research has questioned the net
environmental benefits of biofuels when considered on a life cycle basis (OECD 2007). In particular,
there is significant concern about the carbon impacts of first generation biofuels (i.edehived

from agricultural feedstocks and palm plantations) with evidence suggesting that the adverse carbon
impacts have been ignored in past assessments of the carbon cycle for biofuels.

The role of ethanol blends in Australia $smewhatpoliticised dueto the benefits for regional
economiesandthe GHG benefits are highly variable depending on the feedstock.

4.7.2  Application

Past field trials of higlblend first generation biofuels (i.e. 100% or 80%) have also raised significant
questions about the isability of current ethanol products for vehicle operati@amden City Council

2005) Relative to most other alternative fuels, biofymissess an inherent advantage in that they can
be blended with conventional fuels (albeit at low volume blends) and used in conventional internal
combustion vehicles without the vehicle requiring modificatibine percentage of biofuel blends is
generallylimited to less than 10% in Australia, with E10 ethanol blends typically promoted as an
alternative to conventional unleaded petrol for light vehicles.
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High blends of biofuels are used in countries like Brazil, wher@2% blends are mandated, but this
change has required Brazilian automakers to adapt their gasoline engines to run smoothly with these
blends. Biofuel blends of 85% are available in some parts of the United States and Europe but can be
used only-fueal @f veki bl e scombhstion engineh lkaveibeeh eodified Ito
accept higher concentrations of ethanol.

Such vehicles are emerging into the Australian nmptiee, with large manufactusedeveloping E85
passenger vehicles, however availability of the fuel remains limited.
4.7.3 Data inputs and assumptions

An analysis of the life cycle emissions from ethanol blends (E10 and E85) was undertaken. It was
assumed that the ethanol source was wheat starch waste, as it represents the single most sourced
feedstock for biofuels prodtion in Australia. Over 40% of Australian biofuel production capacity

relies on this feedstock, produced by the Ndai Group in NSW (ABARE 20009).

Upstream data for the analysis was obtained from a CSIRO report that investigated the greenhouse and
air quality emissions of alternative fuels in Australia (CSIRO 2001). The ethanol produced is
essentially a byroduct of the gluten manufacturing process and the report assumes the following
seven steps in determining emissions from ethanol production from sthezh waste:

MILLING grain is passed through mills and crushed.
LIQUEFACTIONNeal is mixed with water and alphanylase, heated and liquefied.

A
A
A sACCHARIFICATIORash from cookers is cooled, and enzymes added to convert starches to sugars.
A

FERMENTATION
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(DCC 2009). For the E10 and E85 blends, the appropriate ratio of tailpipe emissions from ethanol and
ULP (DCC 2009 were applied to the combustion stage of the analysis. This process can be shown as:

E10 = 0.1 x (ethanol tailpipe emissions value) + 0.Btilpipe emissions value).

Fuel consumption figures for E10 and E85 vehicles were calculated as per the methodology discussed
in Section 3 with both conventional engine technologiesl émose optimised for ethanobnsidered.

The modelled E10 passenger vehicle was considered taeetp.2L/100 km (conventional engine
technology) and 9.8L/100 km (optimised engine technology). The modelled E85 vehicle was
considered to consume 13.5L/100 km (conventional) and 13L/100 km (optimised).

4.74  GHG emissions (LCA)

The model outputmdicate that for the ethanol blends there is a significant reduction in the emissions
that occur at the combustion stage (Figug.4.
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4.8 Compressed natural gas

4.8.1  Description

Owing to the lowenergy density at normal conditions, one of the forms in which natural gas may be
used in transport is in a compressed form as CNG. CNG is typically storeghtpressure vehicle

tanks (between 2800 and 3200 psi) and combusted in specifically designed engines, generally of a
sparkignition nature.

4.8.2  Application

An increasing number of CNG passenger vehicles are being manufactured worldwide, with countries
such as Brazil providing the refuelling infrastructure necessary to promote their development. In many
cases, CNG vehicles are ddia¢l in nature and can be converted in a similar manner to aftermarket
LPG conversions as seen in Australia.

The applicatio of CNG for passenger vehicles is limited in Australia due to the constrained
availability of CNG refuelling infrastructure, as well as the relatively high storage requirements.

4.8.3 Data inputs and assumptions

The life cycle emissions of CNG producti@md use in passenger vehicles were modelled as a
component of the study. The SimaPro model contains estimates of the average emissions arising from
natural gas exploration and extraction in Australia. These estimates are based on data sourced from
A P P E A008 report to theGreenhouse Challenge Plysrogram, which contains aggregated
emissions data for sites submitted by APPEA members (APPEA 2007a).

Energy requirements for compression of natural gas were assumed to be 3% of the energy content of
the gas bieg compressed (pers. com. Centre for Design, RMIT). As a result, assuming an energy
content 0of46.6MJ/kg (refer Section 3),.398 MJ of energy was taken as the input requirement for
compression of onkilogram of natural gas.

The model considers the usef Australi ads average electricity
using the SimaPro model estimated emissions factor o 980y,-e/kWh. The transportation of the
fuel product to consumer is then assumed to be over a distance &mM500

Modelling of tailpipe emissions draws on data sourced from the emissions factors for fuels contained
in the NGA factors workbogkreferring to natural gas combusted in light dughicles Section 3

details the vehicle, engine technologies and assumptamsidered in estimating fuel consumption

data for the modelling process. CNG passenger vehicles using conventional (73g/km) and optimised
(70.08g/km) engine technologies were modelled.

4.8.4  GHG emissions (LCA)

Life cycle emissions are given on a fprdometre travelled basis (Figure6). Approximately 80% of
the life cycle emissions from CNG occur at the combustion stage, with a marginally higher proportion
of methane emitted when compared to othefs.
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Figure 4.6
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4.9 Electricity

49.1 Description

An electric car uses electric motors and motor controllers instead of an internal combustion engine.
Generally, the energy for the motor is stored chemically in battery gadkslithiumion battery)
which are located on board the vehicle.

The batteries are charged from a standard electricity outlet at home, at work or at a roadside charging
station. An alternative option that has emerged (in concept at least) is to extitemmegtire battery

pack at a specialised exchange station. These stations would be similar to a current petrol station, and
the system could operate in a similar way to the current barbeque gas cylinder exchange service
operating at many service statiosich a system would require cooperation between manufacturers,
suppliers and retailers to ensure some standardisation to allow for easy exchange.

49.2  Application

There are currently fully electric vehicl@&Vs) available in niche market segments in various parts of

the world (Jamison Group 2008), most commonly in the riaroand passenger vehicle category.

This availability is likely to increase significantly in the short term, with a number of manufacturers
releasing models into the Australian market, and the EV agenda gaining momentum at a government
initiative level.
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However, the performance of EVs remains inconsistent and uncertain, withndeearad power
consumption (hence GHG emissiom®pen@nt on battery technology as well agiving style and
conditiors.

49.3 Data inputs and assumptions

The most appealing feature of electric vehicles is that they produce no exhaust emissions at the point
of use of the energy. In fact they have no tailpipe emissisince there is no combustion occurring
within the vehicle to produce power. For this reason they have often been claimed to be zero emission
vehiclesi although the veracity of this claim is disputable since the emissions produced are simply
transferre from the vehicle to the electricity generator.

Given that the emissions are entirely dependent on the source of electricity and the GHG intensity of
the stationary energy generator, the study sought to analyse the emissiotisefrcumrent average
eledricity source inAustralia as well as from a future stationary energy sector with an increased
renewables componenThese sources and the assumptions behind their generation are provided
below.

A AUSTRALIAN AVERAGKe average emissions intensity eéctricity generated in Australia was
calculated based on data contained in the Australian LCS SimaPro datetzkeg intensities
of electricitysources contributing to the national mix

A 20%MRET the model considered the GHG intensity of Australian electricity under the 20% MRET
scheme which seeks to source 20% of Australian electricity from renewables by 2020. As the
construction of infrastructure and embodied plant emissionspfi@ovoltaic panels or wind
turbines) are not considered, the study assumed that renewables were a zero emissions source and
there would be a subsequent 20% reducti on |
electricity mix as modelled in the LCS database.

A key commnent of the study was establishing an estimate of the amount of electricity required to
transport a fully electric passenger car a distance of one kilometre. Owing to the emerging nature of
the technology, there is a significant variety in the energy ddsaf vehicles that range from concept

cars to performance vehicles.

The methodology used to establish the energy demand per kilometre of a passenger vehicle
comparable to other vehicles considered by the study is givBeation 3 The study considereah

EV to require 190wh at the power point per kilometre travelle@nsmission losses from the point of
generation to recharging were assumed to be 7%, considered the average for developed countries
(Areva 2008).

494 GHG emissions (LCA)

As indicated inFigure 47, 100% of emissions occur in the generation and transmission of electricity.
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4.10 Gas to liquids
4.10.1 Description

GTL is a form of synthetic diesel derived from natural gas using the F$cbesch process. The
process involves a chemical reaction in which
carbon monoxide, derived from natural gase T®yngas is then converted into a liquid form and
refined for use as a diesel substitute.

4.10.2  Application

The combustion properties of GTL diesel are similar to those of conventional diesel. Consequently,
GTL fuel is wholly interchangeable with minerdlesel for transport operation, with significant
opportunity to use this fuel in the existing diepelvered vehicle fleet (i.e. passenger, light
commercial vehicle, bus and heavy vehicles).

4.10.3 Data inputs and assumptions

The life cycle emissions dBTL FischefTropsch diesel were analysed by the study team. Given that
there are a variety of refining methods applied to GTL fuels, the upstream data was sourced from a
prior study investigating Fisch@mropsch fuel production emissions. The study, phblisin August

2008, was conducted by the Civil and Environmental Engineering Department of the Tepper School of
Business, and the Department of Engineering and Public Policy, Carnegie Mellon University,
Pennsylvania (Jaramillet al. 2008).

The modelling process sourced a number of inputs from the Jaramillo study, which coasiders

scenaridan which the fedstock is domestic natural gd$he key carbon dioxide equivalent sources in
the production of GTL fuel in both cases are assumed to be:
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A FEEDSTOCK EMISsIONgcludes emissions from the production, processing and transport of
feedstock gas. The studgsumed aamissions factor fothe feedstock gas of 7.55CQOx-e/MJ.

A PLANT EmIssION®icludes the conversion to syngas, production of syictbeude and the refining
of crude to liquid fuels. Thplantefficiency is assumed to be %b

A ELECTRICITY EMISROBTL plants are assumed to generate electricity on site and there are no
additionalenergyrequirements. This generation of electricityhisnce incorporated in the plant
emissions.

The refined fuel product is then assumed to be transportedkib®@the consumer, at which point
tailpipe and combustion emissions are assessed through tigerimodelled diesel passenger vehicle,
asdetailed in Section 4.5.3he model assumes that tailpipe emissions of GTL fuels are equivalent to
those of diesel, and these factors are included from the NGA factors workbook.

The energy content of the fuel is assumed to be 36 GJ/KL, a figure sounred $tudy conducted by

the United States National Energy Technology Laboratory (Maearad 2001), and slightly lower

than conventional diesel. Assuming a specific gravity of GTL fuels of 0.780, based on existing
specifications for Shell GTL fuels praded in Malaysia, the study considers one tonne of GTLiduel
contain 42.55Z5J of energy. Due to the lower energy content, a diesel vehicle fuelled by pure GTL
diesel would require 8.8L/100 km (conventional) or 8.5L/100 km in an optimised engine.

4.104  GHG emissions (LCA)

The assessment of life cycle emissions of GTL fuels showsothat per kilometre travelled basis
approximately43% o the life cycle emission®ccur during the productionstage The results are
displayed in Figure 4.8.
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Figure 4.8
GHG intensity of GHynthetic diesel (g G&/km)
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411 Coal to liquids
4.11.1 Description

CTL fuels use coal as the feedstock and are identical in nature to GTL fuels. The coal is heated to
produce the hydrogen and carbon monoxide necessary to create the syngas, which in turn is converted
into liquid hydrocarbons and refined to form a syntheiisel.

4.11.2  Application

As per GTL diesel, the properties of CTL are similar to those of conventional diesel. Consequently,
the fuel can be directly substituted for diesel and applied in therexidittselpowered vehicle fleet.

4.11.3 Data inputs ad assumptions

The life cycle emissions of CTL Fisch€&€ropsch diesel were analysed using a similar method to that
adopted for GTL fuels. Upstream data was sourced from the Carnegie Mellon University study
(Jaramilloet al. 2008)due to a lack of publishethta in an Australian contexthe key arbon dioxide
equivalentsources in the production of CTL fuel in both cases are assumed to be:

A FEEDSTOCK EMISSIONScludes emissions from the production, processing and transport of
feedstock coalMined coal is processed to remove impurities, and then transported from mines to
plantvia rail (84%), barge (11%) and truck (5%).

A PLANT EmISSIONBICIudes the conversion to syngasoduction of synthetic crude and the refining
of crude to liquid fuels. Theassessed planproduces 20% diesel, 73% gasoline and 7%
propylene/propane at 52% efficiency. Plant and processing emissions account for over 87% of
CTL production emissions

A ELETRICITY EMISSIONig cycle emissions from eledtity used to power the planth®& Australian
average for grid electricity is considerably higher than in tifeatlan average of 8&kwh
(owing to high use dfrowncoal for electricity generationhence the intensity considered by the
Jaramillo study was adjusted to be of relevance to the Australian context.

Transport of the refined fuel product to consumer is assumed to bé&rhsd@ilpipe and combustion
emissions are assesstlough use irthe malelled diesel passenger vehicle, as detailed in Section
4.5.3 and the model assumes that tailpipe emissions of CTL fuels are equivalent to those of diesel.

As per the GTL assessment, the energy content of CTL fuels is assumed t&:hkl36a figure
souced from a study conducted by the United States National Energy Technology Laboratory
(Maranoet al 2001). Assuming a specific gravity of CTL fuels of 0.8628 (letthl 1992), tle study
considers one tonne ofTC fuel to contain 41.72&J of energyDue to the lower energy density
when compared to conventional diesel, a diesel vehicle fuelled by pure CTL diesel would require
7.8L/100 km (conventional) or 7.5L/100 km in an optimised engine.

4.11.4 GHG emissions (LCA)

The assessment of life cyobenissions of CTL fuels indicates thepproximately 6% of emissions
occur at the upstream stage (Figu® 4.
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GHG intensity of CBlynthetic diesel (g G&/km)

412 Diesel derived from shale oil

4,121 Description

It is possible to derive a diesel fuel by refining a crude oil product extracted from shale. In broad
terms, the mined and extracted shale is heated to extract the kerogen in a synthetic crude oil form. This
product then requires upgrading asthbilising, at which point it may then be refined in a
conventional diesel refinery and blended with the existing diesel fuel stock.

4122 Application

Shale oil produces a synthetic diesel product (STL) which is similar to conventional diesel exaept for
marginally reduced energy content. For the purposes of this report, the fleet application of STL can be
considered to be as per ULS diesel.

4123 Data inputs and assumptions

The life cycle emissions assessment of STL was conducted based on shaledefktvacthedeposits
located near Gladstone in Queensland. The data surroundiageigy demand and emissions arising
from the shale oil extraction process was provided by a commercial operator.

Six key sourcesvere assessed to hawentributed to upstam emissionfrom shale derived diesel
fuel, namely

A DIESEL usAcemissions produced by the mining fleet in extraction of the shale.
A SHALE PREPARATI@MIssions produced in the crushing and drying of mined shale.

A RETORTINGMissions released througke ttombustion of gas in the oil recovery component of the
STL process.
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A uPGRADINGemissions released from upgrading the crude oil for refining.
A AMMONIA RECOVER&Missions from the cleanup process.

A POWER CONSUMPTIO&MiIssions produced from the energy comgtion of the plant and mine
facility.

The above sources each possess a GHG emissions factor on a per tonne of shale oil produced basis. It
was assumed that the oil realised from the STL process is then refined in the same manner as crude oll
in diesel réining, and emissions from the process are considered to be equivalent. The shipping of
refined fuel product to consumer is then assumed to be over a distance k500

In modelling end use in a passenger vehicle, the analysis applies thdushraensimption and
tailpipe emissions as for conventional diese detailed in Section 4.5.8owever as the shale diesel
product holds a marginally lower energy contergreater volume of shale oil is required to produce
sufficient diesel to transport theshicle a distance of one kilometre.diesel vehicle fuelled by pure
STL diesel would require 8.1L/100 km (conventional) or 7.8L/100 km in an optimised engine.

4.12.4 GHG emissions (LCA)

The production of ULS diesel from 100% shale oil was modelled in order to present a complete
comparison only. Current limitations in the Australian refining industry suggest that blends will be
limited to approximately 15% shale oil composition, however3iL100 blend analysis provides an
indication of the emissions intensity of shale oil in isolation.

The life cycle analysis of the STL blended diesel fuel indicatesafhaoximately half themissios
occur at the combustion stagfégure 48).
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5 GHG comparison gfassengevenhicle fuels

Thefuel assessmeni@esentedn Section 4and Appendix A)of this paper were used to construct a
comparison of the GH@tensityof passengevehicletransport fuels, relative to current conventional
ULP (GHG intensity o282 CO,-e/km).

The results of this analysis are preseriteffigure 5.1and can be summarised as follows (note that
this analysis considers the current stat@laf only, and not GHG emissions under future optimised
engine technologies).

A LPG delivers a GH@eductionof 10% when compared tdLP.
A ULS diesedecreasessHG emissions by approximately% compared t@JLP.

A Petrolelectric hybrid vehicles potentiallgffer a GHG emisgsns reduction in the order of 32
overULP.

A Wheat starch wasterivedethanoloffers the potential teeduceGHG emissions bg% (E10) to
47% (E89.

A CNG potentially delivers a GHG reduction 1%, assuming Australian grid electricity used in
gas compression.

A Fully electric powered vehiclegeliver a 3% reduction in GHG emissionshen charged from
the average Australian grid electricitpr 43%under a 20% MREEcheme

A GTL synthetic diesel fuek likely to increase GHG emissie from passenger vehicles by 9%
when compared toLP.

A CTL synthetic diesel fuel would increase GHG emissions by 66% when compared with ULP.

A STL synthetic diesel fuel would increase GHG emissions from passenger vehicles by 39% when
used in place of ULP
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Carbon intensity of an Australian passenger vehicle
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6

Summary of key findings

Analysis of the material presented in this report gives rise tfolloving principal observations

1

The use of LPG in lieu oJLP in passenger vehicles in Australa likely to dereaseGHG
emissions by approximateli0%. Ths potentially is currently constrainedto a degreeby the
prominence of relatively crude technol ogy
convertors.

The use of ULS dieséh lieu of ULP in Australian passenger vehiclestentially derease$GHG
emissiondy approximatelyl4%, predominatelylue tothe greater engine efficiencies associated
with diesel vehicles.

The use of petretlectric hybrid passenger vehicles in lieuifP offers a potential reduction in
GHG emissions in the order 82%. The degrego which this potential saving is realised is
governedto avery significant degregby the drive cycle of the vehicle.

The use of ethanol blendsvheat starch wastgerived) in lieu ofULP in passenger vehicles
potentially reduces GHG emissions by top47% (E85) or by 6% (E10) The degree to which
this potential will be realised in thature is constrained diymitations in fuel availability and low
GHG intensive feedstock sources.

The use of CNG in lieu oULP for passenger vehicles in Australia presents the potential to
reduce GHG emissions by approximatelyl%. The realisation of this benefit, however, is

dependent upon the development and market adoption of gas engine technologies that deliver

combustion eftiencies that are equivalent to the modern compression ignition diesel engine.

The use of fully electric vehicles in lieu BLP will potentially decreaseGHG emissions by 9%
if charged on Australian grid electricityrhere is, however, some difficultsgssociated with
modelling the life cycle emigsns of an emerging technology.

The use of synthetic diesel GTL and CTL products in lieWloP in Australia will result in an
increase in GHG emissions from passenger vehicl8%and66% respectively.

The use of STL synthetic diesel in lieu of ULP would increase GHG emissions from passenger

vehicles by 39%.
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Appendix A

SimaPro outputs for individual
fuel assessments (life cycle basis)



GHG LIFE CYCLE ASSMISNT OF PASSENGEARRCTECHNOLOGIES ANDELS

ULP

Australian average

CARBONNTENSITY NETWORK@EPRO 7.2
A IPCC analysis method (100 year)

A kg C@elkm

Prepared for:  LPG Australia

Prepared by:  Rare Consulting Pty Ltdpv 2010
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LPG

Australian average

CARBONNTENSITY NETWORK@EPRO 7.2
A IPCC analysis meth¢tO0 year)

A kg CQe/km

Prepared for:  LPG Australia

Prepared by:  Rare Consulting Pty Ltdpv 2010
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ULS Diesel

Australian average

CARBONNTENSITY NETWORK@EPRO 7.2
A IPCC analysis method (100 year)

A kg CGe/km

Prepared for:  LPG Australia

Prepared by:  Rare Consulting Pty LtNpv 2010
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Hybrid

Petrol electric
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A IPCC analysis method (100 year)
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Ethanol blend
E10

CARBONNTENSITY NETWORK@EPRO 7.2
A IPCC analysis method (100 year)

A kg CGe/km

Prepared for:  LPG Australia

Prepared by:  Rare Consulting Pty LtNpv 2010
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Ethanol blend
E85
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Prepared by:  Rare Consulting Pty Ltdov 2010




GHG LIFE CYCLE ASSMISNT OF PASSENGEARRCTECHNOLOGIES ANDELS

CNG

Electric grid compression

CARBONNTENSITY NETWORKEPRO 7.2
A IPCC analysis method (100 year)

A kg CGel/km

Prepared for:  LPG Australia

Prepared by:  Rare Consulting Pty Ltdov 2010
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