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Abstract: Alternative fuels for the transport sector are being emphasized due to energy security and
environmental issues. Possible alternative fuel options need to be assessed to realize their potential to
alleviate environmental burdens before policy formulations. Western Australia (WA) is dominated by
private cars, accounting for around 72% vehicles with 87% of those using imported gasoline, and
resulting in approximately 14% of greenhouse gas (GHG) emissions from the transport sector. There
is an urgent need for WA to consider alternative transport fuels not only to reduce the environmental
burden but also to avoid future energy security consequences. This study assesses the environmental
life cycle assessment (ELCA) of transport fuel options suitable for WA. The study revealed that
ethanol (E65), electric (EV) and plug-in electric vehicle (PHEV) options can decrease global warming
potential (GWP) by 40%, 29% and 14%, respectively, when compared to gasoline. The EV and PHEV
also performed better than gasoline in the fossil fuel depletion (FFD) and water consumption (WC)
impact categories. Gasoline, however, demonstrated better environmental performance in all the
impact categories compared to hydrogen and that was mainly due to the high electricity requirement
during the production of hydrogen. The use of platinum in hydrogen fuel cells and carbon fibre in
the hydrogen tank for hydrogen fuel cell vehicles (HFCV) and Li-ion battery for EVs are the most
important sources of environmental impacts. The findings of the study would aid the energy planners
and decision makers in carrying out a comparative environmental assessment of the locally-sourced
alternative fuels for WA.

Keywords: alternative transport fuel; passenger vehicle; life cycle assessment; Western Australia;
environmental performance

1. Introduction

Rising population coupled with intensive industrialization is increasing the demand for
conventional fuels, which in turn results in the increase of exploitation of scarce natural resources
and environmental degradation. As a consequence, increasing consumption of natural resources and
intensifying environmental impacts are becoming more serious concerns globally [1]. Fossil fuels
comprise around 80% of the global primary energy consumption, 58% of which is consumed by the
transport sector alone [2]. According to the United States Environmental Protection Agency (US EPA),
95% of transportation energy originates from fossil fuel that causes 14% of total greenhouse gases
(GHG) [3]. Due to the over-dependence of fossil fuels, there is an immediate need to look out for
alternative transport fuel to achieve greater sustainability [4].

Traditionally, fossil fuels have dominated the Western Australian energy supply. The consumption
of energy in WA is also growing at around 5% per annum [5]. During 2016–2017, 1179.5 PJ of energy
was consumed in WA. Among the total energy consumption in WA, 97% is currently sourced from fossil
fuels (coal, oil and natural gas) [6]. WA’s transport sector alone consumed 251PJ of energy (19%) which
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is the second largest energy consumption sector after mining that consumes around 23% [7]. Almost
100% of WA’s transport fuel originates from non-renewable fossil sources [8]. The state government
is, however, committed to meet a significant portion of energy demand from renewable energy (RE)
to achieve Australian’s GHG emission reduction target of 26–28% by 2030. The only viable way to
achieve this target is to explore various sources of alternative fuels for the transport sector [9].

WA is one of the private car dominated states in Australia, where public transport is not very
popular due to disperse locations and distances between population centers [10]. Around 72% of
vehicles in WA are passenger cars, and 87% of these vehicles use imported unleaded gasoline [11].
With petrol as the dominant transport fuel, around 14% of GHG emissions are emitted from the
transport sector of WA [10]. Heavy reliance on imported fossil fuel can also challenge the state’s energy
scarcity issue, as the fluctuation of price and geopolitical conflicts impacting fossil fuel supply were
observed over recent decades [12,13].

Considering the current situation of WA, it appears that the private passenger car dominant
transport sector may suffer from energy security issues and associated environmental complications,
such as global warming impact and urban air pollution. Therefore, there is an urgent need for WA to
consider suitable alternatives to gasoline as the proportion of gasoline passenger vehicles is quite high
(72%) in the state [11]. It is essential to assess the life cycle environmental impact of any alternative
fuel as their use may produce less tailpipe emissions but could cause higher emissions during the
production of these fuels [10,14]. A life cycle assessment (LCA) approach, which follows ISO 14040-44
and considers all stages of the product life cycle needs to be conducted to determine the environmental
impacts of alternative fuels [15].

A comprehensive literature review by Hoque et al. [16] prior to this study in 2018 based on
seventy seven (77) LCA articles of alternative fuels suggests that although LCA is a well-established
method for environmental assessment, there is still a need for region specific analysis as the generalised
results and recommendations for one region may not be replicated in other regions due to regional
variations. For example, GHG emissions for a hybrid vehicle varied by more than 100% in different
Canadian cities mainly due to the variation in electricity mix [17]. Sources of various feedstocks
(or distance travelled) and their long-term availability to produce alternative fuels are crucial for the
economic and environmental feasibility of alternative fuel for any region [15,18,19]. The selection of
proper indicators is also deemed necessary for a particular region for assessing a reliable sustainability
strategy [15,16,20,21]. Besides, most of the studies in the literature (more than 75%) only considered
fuel production and/or the use phase of fuel [16]. Life cycle assessment of transport fuels, however,
remain incomprehensive if associated changes in vehicles due to the use of alternative fuel is not
considered within the system boundary [16].

In Western Australia, some environmental life cycle assessment (ELCA) studies [10,22] also have
been conducted to assess hydrogen and electricity as an alternative to gasoline in 2013. The current
study, however, investigates further by considering all the possible alternative fuel options based
on the availability of feedstocks in WA. Secondly, any modifications and arrangements in terms of
material and process changes to make vehicles suitable for alternative fuel use are also incorporated
within the system boundary to precisely calculate the environmental performance of these fuels.
Thirdly, identification and selection of indicators; and fuel selection based on resource availability
and geographical conditions for WA are integrated with ELCA for greater sustainability. This study
considers a streamlined environmental life cycle assessment of the selected fuel options; and compares
the environmental impacts of alternative fuels. Both sensitivity and uncertainty analyses have been
carried out to establish the applicability and validity of the results. The findings of the study would be
beneficial for the policymakers in WA for formulating environmental protection policies and strategies.

2. Methodology

This study aims at the environmental life cycle assessment of alternative transport fuel options
for Western Australia. The environmental performance of the selected fuels has been assessed and
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compared with conventional gasoline. The first step of the methodology is to select alternative fuels
based on the locally available resources followed by indicator selection, environmental life cycle
assessment and finally the interpretation of the results based on per vehicle kilometre travelled (VKT).

2.1. Fuel Selection

The transport fuels that are commonly considered as alternative fuels are ethanol, electricity,
biogas and hydrogen [10,23,24]. Based on the availability of resources in WA, E65 (65% ethanol and
35% gasoline) from wheat, straw and Mallee wood; electricity for elective vehicles (EVs) and plug-in
hybrid electric vehicles (PHEVs); and hydrogen fuel (produced by water electrolysis) were considered
in this study. The reasons for selecting these fuels are described as follows:

Ethanol: Three potential feedstocks, such as cereal residue (straw), wheat grain and Mallee
biomass were identified in WA for ethanol productions based on their availability. Table 1 shows the
availability of straw in WA. The estimation of the available straw for ethanol production takes into
account the following considerations:

• Total non-grain biomass was 3.24 tonnes/ha [25] based on average grain production of 1.8 tonne/ha
in WA [26].

• Around 1.5 tonnes/ha was retained on the grain field to prevent soil erosion and enrich soil organic
content [25].

• The average maximum cutting height from soil is 20 cm that does not go further due to the
unevenness of the grain field [25].

• Two locations (Albany and Three springs) were not considered due to the low resource availability
of straw to fulfill the requirements for the plant [27].

Table 1. Estimation of straw for ethanol.

Potential
Locations

Average Straw
after 1.5 Tonne Retention (Tonne/per ha)

Land Area +

(ha × 103)
Available Straw on Grain Field

(Value * 103 Tonne)

Geraldton

(3.24 * − 1.50) = 1.74

267 465

Three springs 85 148

Moora 425 740

Northam 337 586

Merredin 365 635

Lake Grace 304 528

Narrogin 200 348

Katanning 526 915

Esparance 541 941

Albany 67 116

Total 3112 5421
+ Based on the straw availability by Brooksbank et al. [27], * average non-grain biomass 3.24 tonne/ha [25].

The estimated amount of straw was 5157 × 103 tonnes, which could potentially generate ethanol
to substitute 35% of gasoline [i.e., (5157/4.32)/ (2262 × 1.51)]. The ethanol blend that can be considered
with this amount of ethanol is E53 [i.e., 35 × 1.51], where 2262 ML is the gasoline requirement for
WA [28]; and 1.51 is the factor considered for the lower caloric value of ethanol [29]. The estimation
also considered 4.32 kg of straw (25% moisture content) for 1 L of ethanol [30].

Wheat: Around 95% of the wheat grain produced in WA (10 million tonnes) is mainly exported
to Asia [26]. The allotment of the remaining 5% of wheat for ethanol production could potentially
affect the local requirement. Around 0.578 Million tonne (Mt) of wheat has been estimated to produce
about 228 ML ethanol (approximately 400 litre ethanol/tonne) to generate E10 (i.e., 0.578 × 400/2262)
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without affecting the food supply. This 228 ML has been estimated to be 6.6% (i.e., 10/1.51) of gasoline.
This small amount of wheat for ethanol may not affect the food supply chain as only the starch part of
wheat is required for ethanol production and the remaining amount (around 80%) goes back to the
food cycle as wet distiller grains [31].

Mallee: There is also a huge potential to grow Mallee in between the narrow long belt of agricultural
fields in WA without affecting the current farming practices. Apart from its use as a biofuel, there are
several co-benefits as it reduces dryland salinity and waterlogging; prevents soil erosion; and protects
biodiversity [25,32]. Mallee trees could provide WA’s national fuel security and increase the benefit
to the farmers [25]. Around 10% of the area of the WA wheat belt (around 830,000 ha) can supply
10 million gmt (green metric tonne) of woody biomass [33]. It has been estimated that the current
available resources of Mallee (around 258 Mt) [34] are enough to generate 1.42% (5.27 kg/L of ethanol)
of gasoline replacement in WA. This available resource could produce an ethanol blend equivalent to
E2.15 (1.42 × 1.51).

For this study, an ethanol-gasoline blend E65, which consisted of 9.90% wheat based, 2.15% Mallee
based and 52.95% straw-based ethanol, was considered.

Electricity: Renewable energy accounts for around 7.5% of WA’s total electricity mix (Table 2), and
is expected to increase to 37% by 2030 [35]. There is only 28% coal-based electricity in the state. Research
suggests that EVs can be powered by the surplus amount of electricity during the off-peak period
that can also improve the state’s power system management [36]. Currently, the surplus electricity
can accommodate around 200,000 EVs (around 10% of the total vehicles in WA) [36]. Looking at its
feasibility, the UK and France have already announced bans on gasoline and, promoted electric cars
to achieve zero carbon mobility and to reduce health problems [37–39]. Electric and plug-in hybrid
vehicles were considered in this study due to their increasing use.

Table 2. Electricity generation mix in Western Australia.

Feedstocks In GWh [7] In % GHG Emission (Low Voltage) [40]

Natural gas 20146 53%

0.8753
kgCO2/kWh

Coal 10523 28%
Oil products 4223 11%

Biogas 126.9 0.34%
Wind 1643.2 4%
Hydro 206.1 1%

Solar PV 683.3 2%
Total 37552 100%

Hydrogen: Several studies have confirmed that there is a huge potential to produce hydrogen in WA
by using RE resources, such as wind and solar [41]. Hydrogen can be refuelled very quickly and it has a
high fuel efficiency (i.e., 1 kg hydrogen provides range equivalent 6 to 8 liters of gasoline) [41]. Hydrogen
can be produced in WA by an electrolysis process using off-peak electricity [42]. The production
of 1 kg hydrogen through electrolysis consumes 9 kg of water [41]. It is thus estimated that only
282.8 million kg of water will be required (i.e., 0.22% of all water requirement of WA) to produce
hydrogen to replace all the gasoline consumption in WA.

Biogas: WA has plenty of resources, such as animal manure, municipal waste and sewage sludge
to generate biogas. Since these feedstocks are dispersely located in WA, long distance transport would
be required to bring these feedstocks to chemical plants for biogas production [27,43]. It is thus
considered that the biogas could rather be produced in situ to generate green electricity in WA [27] to
power electric vehicles locally.

2.2. Indicator Selection

Indicators need to be selected for a particular region [15,16,21,44]. For this current study, initially,
five indicators such as global warming potential (GWP), fossil fuel depletion (FFD), eutrophication,
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water consumption (WC) and land use were selected by reviewing the local and international literature.
An expert survey was then conducted to determine the relevance of the preselected indicators for the
Western Australian transport sector [20,21]. The respondents have been classified under academia,
government and industry categories. Questionnaires were sent out to experts to conduct the survey
after obtaining the necessary ethics approval from Curtin University, Australia. Indicators that were
considered important by more than 50% of the experts (i.e., where the total number of survey
respondents are 30) were selected for the study. Four indicators namely GWP, FFD, WC and land use
were then selected based on the expert opinion. Eutrophication was considered less important for this
study by 57% of respondents. Eutrophication may occur in the terrestrial and aquatic environment but
later can cause problems in Australia due to the nutrient runoff from the agriculture and conversion
stages of alternative fuels. Respondents commented that alternative fuels in WA could be produced
in a confined space and feedstocks for the current study might also produce quite a minimal effect
on freshwater.

The new indicators proposed by the experts were also investigated to justify their relevance in
this current study. The reasons for inclusion and exclusion of selected and proposed indicators by
experts are described in Table 3. Some of the proposed indicators were not included as they were
either non-existent or weak for the Western Australian alternative fuel assessment. For example, the
human toxicity indicator was not considered for this study in WA due to its low population density
(1 people/km2), geographical specificity (such as the location of WA cities near the sea), and wind
speed. Because of this, in Australian cities, the possibility of human exposure to toxic substances was
160 times lower than for Western Europe [45]. Human exposure factors related to toxicity was also
20 times lower in Australia than in Western Europe due to these aforementioned reasons [45]. Besides,
biodiversity was suggested but it was ignored because the alternative fuel options for the current
study and their feedstocks (such as straw and Mallee and a small portion of wheat for ethanol) are
based on existing land and agricultural practices which were not developed through new land/forest
clearing [45]. Some of the suggested environmental indicators were already considered as social
indicators (such as vehicle exhaust emissions as a measure of human health and direct displacement of
food for feedstocks), while some were actually not indicators (such as comparison with fossil fuel and
suggestions regarding the consideration of vehicle use phase).

Table 3. Justifications for included/excluded indicators.

Indicators Justifications

GWP

Eighty-seven percent (87%) of the respondents considered global warming potential (GWP) as an important
indicator for the current study in WA during the survey process.

Different life cycle phases of alternative fuels such as feedstock production, conversion from feedstocks to
fuel and transportation are GHG emission-intensive [16]. Around 14% of GHG emission is from the

transport sectors of WA [10]. The government of WA is committed to reducing the significant portion of
GHG emission from transport sectors through alternative fuels by the year 2031 [9].

FFD

Sixty-seven percent (67%) of the respondents considered fossil fuel depletion (FFD) as an important indicator.
Almost all the life cycle stages of alternative fuels consume fossil fuel (such as chemicals and fertilizers
during the agricultural production of feedstock; transportation of feedstocks; and energy requirements
during the conversion stage) [16]. The transport sector alone consumed 251 PJ of energy (19%) which is

the 2nd most energy consumable sector in WA [46].

WC *

Sixty-three percent (63%) of the respondents considered water consumption (WC) as an important indicator.
Agriculture production of feedstock and conversion of alternative fuels requires water as a raw material.
Electricity and other fossil fuel requirements in the different stages also have their own water use impacts
[47]. Almost all of WA (around 85%) falls under the semiarid or arid climate by nature [48]. Estimations
suggest that there could be a possible water crisis in the near future in WA as the water supply is reducing

over time from both ground and surface water sources [49–51].

Land use

Fifty-three percent (53%) of the respondents considered it as an important indicator.
When any feedstock for alternative fuel derived from agriculture may produce higher land use impact
than the fossil fuel [52]. Though the WA state has a huge land area (around 2.5 million km2), additional

stress on land for biofuel can produce an impact on food production [53].
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Table 3. Cont.

Indicators Justifications

Eutrophication

Eutrophication was selected initially through review but 57% of the respondents considered it as a less important
indicator for the current study.

Eutrophication was identified by the experts as a less important indicator for WA conditions mainly for
two reasons. On the production side, as eutrophication results from the direct discharge of effluent to

water, it may not be an issue since the alternative fuels are produced in confined spaces and the energy
plant wastes are landfilled. Secondly, the alternative fuels are assumed in this study to be sourced from
existing agricultural by-products (wheat straw in this study) or, in the case of Mallee, may potentially

reduce the nutrient runoff [25].

Human
toxicity

Two respondents from academic and industry categories emphasized the importance of ‘human toxicity’ due to its
importance on human health.

The toxicity indicators are found to be either weak or nonexistent in Australian biofuel and bioenergy
projects though upstream agriculture production of feedstock may release a small amount of toxic
pesticides but other stages of fuel production are not directly related to emissions (heavy metals,

pesticides, hormones, and organic chemical) which cause toxicity [53,54]. It has been found that due to the
low population density (one people/km2 in WA) and geographical specificity (most of the Australian

cities are near the sea), toxicity substances emitted to the soil in Australia has 160 times lower possibility
for human exposure than Western Europe [45]. The human exposure factor was also found to be 20 times

lower for toxic substances emitted to the air and water [45].

Biodiversity

Two respondents from academic and industry categories had suggested ‘biodiversity’ as land clearing due to the
agriculture production of biofuel can destroy the ecosystem and biodiversity.

Most of the lands in Australia were cleared more than 20 years ago and any new land clearing in the
country is under strict policy from the Australian government regarding nature conservation and

protected areas [33,52]. Biodiversity is considered important where activities from the life cycle of a fuel
disturb the local animals and plant life [45]. Feedstocks for alternative fuel production for the present

study such as straw (by-product from current agriculture) and Mallee (grown within the narrow belt of
existing agricultural systems) and a small portion of wheat for ethanol (from existing agriculture);

electricity for EV; and sea water for hydrogen have no direct relationship with the land/forest clearing
which can affect biodiversity or ecosystems.

Vehicle
exhaust

emissions
(as a

measure of
human
health)

Three respondents from the academic category proposed ‘vehicle exhaust emission’ as air quality is the important
driver for the application of alternative fuel.

In WA, the contribution of atmospheric air pollution from vehicles was quite low compared to mining and
industrial applications. However, direct exposure from low elevated vehicle exhaust emissions (such as
CO, PM and NOx) have the potential to cause significant human health problems [45]. Due to this reason,
these emissions are considered as social sustainability indicators under the public health category for the

current study and were not included here in the environmental life cycle assessment (ELCA) to avoid
repetition. Besides, tailpipe CO2 emissions are already included under the GWP impact.

PM
formation

Two respondents from academic and government categories shared their view regarding ‘PM formation’ due to its
potential damage for human health.

PM emission all over Australia is not the general problem due to the location of its main cities near the sea,
its wind speed, flat terrain, mild industrialization and lower population densities [45]. The country is also

ranked 2nd in the world according to the air quality index [55]. However, PM as a measure of human
health is considered a social indicator under the current project due to the aforementioned reasons in the

vehicle exhaust emission indicator.

Comparison
with

traditional
fuel

Two respondents from industry and government categories advised to include this comparison as singling out
alternative fuels for a life cycle assessment without ensuring traditional fuels are being subject to the same life cycle

assessment is not reasonable and would work against alternative fuel uptake.
By following the strategy, gasoline as the baseline fuel was compared with alternative fuel options, as

gasoline is the predominant fuel for WA transport sectors.

Direct
displacement
of food (due

to
feedstocks)

One participant from the government category highlighted the importance of food displacement as biofuel feedstocks
may disturb the food cycle.

As described in detail in the fuel selection (Section 2.1), feedstocks for the current study (such as straw
and mallee and a small portion of wheat) may not disturb the food supply chain in WA. Especially, straw
and mallee as they are sourced from the unused resources in WA which have no direct relation with food

displacement. However, the potentiality of this indicator will be examined in future for the social
sustainability part of the current study.

* Amount of water which is taken from the environment during the different activities of the product life cycle.
Any rainfall during the agriculture of feedstock and water from the sea is not included.
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2.3. Goal and Scope Definition

Life cycle assessment for this study follows the ISO 14040-44 [56,57] framework that starts with the
goal and scope definition, followed by boundary selection, life cycle inventory analysis, life cycle impact
assessment and interpretation of results. The main aim of the study is to evaluate the environmental
performance of various alternative fuel options. This study compares the results with gasoline in
order to determine the environmental benefits. The functional unit (FU) for this study is VKT (vehicle
kilometre travelled) which allows for comparison between the alternative fuel options. The study
considers the ‘well to wheel’ approach to incorporate all the stages of fuel life cycle from resources
extraction to its use in the vehicle. Besides, additional vehicle materials (AVM) or arrangements
required for vehicles using alternative fuels are included. The mass of the glider was assumed to be
the same for vehicles using alternative fuels for fair comparisons [22,58–60]. The end of life stages
were excluded in this study as the study focuses only on the fuel life cycle. The emissions during the
maintenance activities associated with alternative fuel use were not considered as it generates a tiny
fraction (around 1–2%) of emissions compared to the total life cycle of a fuel and vehicle [59,61].

2.4. Life Cycle Inventory Analysis

Life cycle inventory is the collection of data inputs required for each fuel for the assessment, which
was calculated based on the functional unit (VKT) and/or per unit fuel (i.e., litre for ethanol).

2.4.1. Gasoline

A consistent reduction trend of ‘crude oil’ quantity reaching Australia was observed in recent
years not only due to the closure of refineries in the country but also due to the reduction of refining in
the existing refineries [52]. The crude oil is imported to Australia primarily from UAE (18%), Malaysia
(26%) and Indonesia (10%) [52,62]. Besides, the Australian gasoline supply chain shows that it is
imported in the refined form to Australia mainly from South Korea (around 45%), Singapore (around
34%) and Japan (around 3%) [62]. Most of these oil exporting countries source their crude oil from the
Middle East. The exact locations of these countries [62] helped ascertain the transportation distance.
The source of the distances used in this study is the online calculator provided by sea-distances.org
(https://sea-distances.org/). The mileage of the vehicle during the usage stage for the alternative fuels
was based on the latest survey by the Australian Bureau of Statistics, showing that an average passenger
vehicle travels 11,000 km per year in Western Australia [63] and the average age of the passenger
vehicle in the state was 10.23 years [64]. Based on this data, the life of the passenger vehicle has been
estimated as 112,567 km for the current study. The Toyota Corolla was chosen as the proposed vehicle
for the usage of these alternative fuels as it is a widely used passenger vehicle in Australia [64,65].
Fuel consumption values of the latest Toyota Corolla model are reported to be 0.06 L/km [66,67]. The
mass of different parts of the Corolla that were incorporated into the existing design were based on the
total curb weight (car weight with standard equipment excluding passenger and any other additional
items), estimated from Stasinopoulos et al. [61] and detailed inventory for different parts has been
readjusted for the Corolla from Notter et al. [60]. Table 4 shows a summary of the inventory for gasoline
and other vehicle materials for the current study.

https://sea-distances.org/
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Table 4. Summary of inventory for gasoline vehicle (GV), electric vehicle (EV), plug-in hybrid electric
vehicle (PHEV) and Nickel metal hydride battery (HFCV) (functional unit (FU) = per vehicle kilometer
travelled (VKT)).

Parameter Unit GV EV PHEV HFCV E65

Hydrogen tank kg - - - 7.77 × 10−4 -
Battery * kg - 3.37 × 10−3 1.07 × 10−3 2.03 × 10−4 -

Fuel cell with assembly kg - - - 9.50 × 10−4 -
Motor kg - 6.11 × 10−4 4.82 × 10−4 6.27 × 10−4 -

Inverter kg - 1.03 × 10−4 7.09 × 10−5 1.05 × 10−4 -
Converter kg - 2.20 × 10−4 1.52 × 10−4 2.26 × 10−4 -

Motor controller kg - 7.82 × 10−5 5.40 × 10−5 8.03 × 10−5 -
Transmission differential and
others (cables, cooling unit) kg 7.55 × 10−4 5.51 × 10−4 6.98 × 10−4 6.65 × 10−4 7.55 × 10−4

charger kg - 6.37 × 10−5 3.50 × 10−5 - -
Internal combustion engine kg 1.31 × 10−3 - 9.14 × 10−4 - 1.41 × 10−3

Fuel system kg 1.60 × 10−4 - 1.38 × 10−4 - 1.62 × 10−4

Exhaust system kg 2.13 × 10−4 - 1.83 × 10−4 - 2.13 × 10−4

* EV and PHEV: Li-ion battery; HFCV: Nickel metal hydride battery (according to manufacturer specifications).

2.4.2. Ethanol

Three feedstocks such as wheat, straw, and Mallee have been considered as the source of E65 for
WA. Figure 1 shows the supply chain scenario of ethanol considered for this study. Data related to
farm inputs of wheat production were collected from Northam, located in the central wheat belt of
WA [68,69]. The average yield of wheat in WA is 1.8 tonne/ha [26]. So, a farm with an average yield of
1.9 tonne/ha was selected for estimating LCI inputs for wheat-based ethanol production. The transport
distances of all chemicals were obtained from the respective organizations. The location of the ethanol
(E65) plant was considered to be in the Kwinana Industrial Area (KIA) adjacent to the BP oil refinery.

Figure 1. The ethanol (E65) supply chain.

N2O emission from soil is one of the major contributors to GHG emission during agricultural
production of feedstocks [69]. The field measurement of N2O emission factor from N fertilizer in WA
was found to be as low as 0.1% compared to the IPCC (Intergovernmental Panel on Climate Change)
default value of 1% [68,70]. Table 5 provides a summary of direct and indirect emission factors used
for N2O and CO2 from the field. Besides, the conversion factors for C to CO2 and N to N2O were used
as 3.667 and 1.57, respectively [71].
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Table 5. Emission factor used for soil emission.

Types of Emission Emission Factor Corresponding Reference

Direct N2O emission from N fertilizer 0.1% Biswas et al. [69]

Fraction C in Urea for Urea hydrolysis 0.2 Klein et al. [71]

CO2 emission factor for lime 0.12 Klein et al. [71]

Emission from leaching

N fraction lost due to leaching 0.3 Klein et al. [71]

N2O emission due to leaching 0.0075 Klein et al. [71]

NH3 volatilization

Fraction of fertilizer N will be emitted as NH3 10% Barton et al. [72]

Emission factor for N2O emission 0.08% Barton et al. [72]

Whether leaching is happening or not depends on the ratio of evapotranspiration (Et) to annual
precipitation (P). Leaching is considered when Et/P < 0.8 or Et/P > 1 [70,73]. The last 7 years of
data (Et/P) of the location (31.47113◦ S, 116.52287◦ E) confirms that leaching is unlikely to happen
on site. Farm machinery production data for WA and the associated emissions were collected from
Biswas et al. [69]. Economic allocation was considered in this study to allocate environmental burden
to the co-products for all fuel options based on the current prices in WA [52]. During the farming
stage, the environmental burden for wheat was 78.14% compared to straw (16.26%) and remaining
residue (5.60%). For the ethanol conversion stage, a 79.47% burden was allocated to ethanol compared
to 20.53% for dried distiller grain (DDGS). These allocations were found to be consistent with the
existing literature, such as Grant et al. [52] and Muñoz et al. [74] for ethanol versus DDGS allocation;
and Zucaro et al. [75] and Borroin et al. [76] for wheat versus straw allocation.

As described in Section 2.1, a large amount of cereal straw is produced in WA. Wheat comprises
around 70% (around 10 million tonnes out of 14 million tonnes) of total cereal production in WA [26,77].
Therefore, wheat straw was considered to provide 16.26% of the environmental burden. The same
farm was considered to supply both wheat and straw. The excess straw that remains after the soil
amendment was 1.92 tonnes/ha [25]. Due to the use of straw for fuel production, some additional
fertilizers may be required for some farms depending upon the soil conditions, and as such, this study
considered a moderate replacement amount of 4 kg Di-ammonium phosphate (DAP), 11 kg Urea and
10 kg K2O fertilizer (Table 6).

Table 6. Nutrient replacement due to straw removal.

Fertilizer Amount Which Can Be Required Per
Tonne of Straw, Kg [25]

Amount Considered
for This Study Per Tonne of Straw, Kg

N 2–10 6
P 0.2–1.5 0.8
K 6–16 7

For Urea, transport by sea was considered for importing from Qatar [78,79]. Due to the low bulk
densities of straw, the location of the ethanol production plant should be near the farm to reduce
transport emissions [25]. A 70 km radius was considered for transporting the straw from farms to
the plant [27]. Figure 2 illustrates the process of ethanol production from lignocellulosic feedstocks
(such as straw and Mallee for this study). Enzyme was considered to be produced onsite based on
Mu et al. [30].
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Figure 2. Schematic diagram of straw based ethanol production.

Like straw, the ethanol plant for Mallee was considered from the farms around Katanning [80].
The Mallee farm input for production was gathered from Crossin [81]. The life of the Mallee tree was
considered as 30 years with an initial harvest at 6 years age followed by 6 harvests at 4 year intervals.
Besides, the average harvest of biomass was found to be 16 gmt per harvest per ha [81]. Mallee trees
have a high nutrient efficiency and also receive an additional amount of fertilizers from nearby grain
fields [25]. Hence, a moderate amount of fertilizers (50 kg DAP, 50 kg Urea and 20 kg Muriate of
potash per ha) were considered for this study after each harvest of Mallee [32]. Following the harvest,
the biomass was considered to be transported to a processing farm that was 100 km away from the
plantation site [81].

Since electricity is generated as a co-product with ethanol in the plants using straw and Mallee as
feedstock, the environmental burdens allocated to ethanol were 91% and 89.28%, produced from straw
and Mallee, respectively. Inventory inputs for E65 production from all three feedstocks is presented in
Table 7.

Table 7. Summary of inventory for 1 L ethanol production from wheat, straw and Mallee after allocation *.

Chemical/Energy Unit Wheat Straw Mallee

Fu
el

Pr
od

uc
ti

on

Agriculture

Urea fertilizer kg - - 3.85 × 10−3

Di-ammonium phosphate (DAP)
fertilizer kg 7.99 × 10−2 2.78 × 10−2 3.85 × 10−3

Muriate of potash (MOP) fertilizer kg - - 1.54 × 10−3

Flexi-N fertilizer kg 7.92 × 10−2 2.75 × 10−2

Herbicide & pesticide kg 1.57 × 10−3 5.46 × 10−4 3.06 × 10−5

Diesel for farm machinery L 9.48 × 10−3 3.30 × 10−4 1.44 × 10−3

Diesel for harvester L 4.90 × 10−3 1.77 × 10−3 7.70 × 10−4

Lime application to paddock kg 8.17 × 10−2 2.84 × 10−2 -
Farm machinery AUD 5.59 × 10−3 1.25 × 10−3 -

Harvester for Mallee P - - 3.89 × 10−4

Transportation of chemicals and diesel tkm 4.21 × 10−2 1.40 × 10−2 3.99 × 10−2

Feedstock transportation to ethanol plant tkm 2.6 × 10−1 2.35 × 10−1 5.27 × 10−1

Ethanol
conversion

Feedstock kg 1.99 3.35 5.27
Water L 0.25 7.02 4.02

Enzyme kg - 1.88 × 10−2 1.92 × 10−2

Lime kg - 8.63 × 10−2 7.58 × 10−2

Sulfuric acid kg - 3.79 × 10−2 1.04 × 10−1

Corn steep liquor kg - 2.58 × 10−1 4.08 × 10−2

DAP kg 4.74 × 10−3 4.8 × 10−3

NaOH kg 1.66 × 10−3 1.71 × 10−3

Heat MJ 4.05 - -
Electricity kWh 8 × 10−2 - -

Transportation of chemicals tkm 1.65 × 10−1 2.17 × 10−1

Distribution
& Transport

Transportation to blending stations tkm - 1.03 × 10−1 1.03 × 10−1

E 65 Transportation to retailers
(1 L) tkm 1.65 × 10−1

* DAP: Di-ammonium phosphate, MOP: Muriate of potash; p: process.
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Owing to the presence of oxygen in the ethanol molecule and its water absorption, the fuel
system component systems are prone to corrosion [82,83]. Therefore, this study considered the use of
stainless steel for the fuel tank material such as used for the Holden Commodore [82]. Accordingly, the
aluminium components for the injection system and synthetic rubber of the fuel line were replaced
with stainless steel and polypropylene respectively [84]. Fuel consumption (0.078 L/km) and tailpipe
emission for E65 were based on Jin et al. [85].

2.4.3. Electricity

The current electricity mix of Western Australia (Table 2) was used for charging the EVs. Most of
the EVs were considered to be charged overnight during the off-peak period at home as this charging
system is already available in Western Australia [86]. The low voltage electricity system caused 2.7%
and 5.28% transmission and distribution losses for WA, respectively [40]. To compare with gasoline
vehicle (GV), a first-generation Nissan Leaf, with 120–135 km range, was considered as the EV in
previous studies [58,61]. Vehicle driving range from a single charge, however, is one of the main barriers
to the EV uptake in Australia [87]. By considering the dispersed locations and large distance between
population centres of WA, a new generation Nissan leaf released in 2018 was chosen for this study for
comparison. This EV contains a 40 kWh Li-ion battery pack, and a 110 kW motor (comparable with GV
power) to provide a driving range of 270 km [88,89]. Data for 100 kW EV materials and powertrain
were collected from Miotti et al. [58] and adapted for 110 kW for the current study. This approach was
found to be employed by other studies in the literature for consistent comparison among different
vehicles [23,58,90]. A similar plug-in hybrid vehicle, Toyota Prius Prime, was chosen for comparison.
Inventory for the EV and PHEV vehicles is given in Table 4. Most of the data for the PHEV were
obtained from the manufacturer specifications [91,92] and, the remaining data were based on available
literature [59,93]. According to the Toyota motor corporation, the vehicle comprises a 8.8 kWh (120 kg)
Li-ion battery sufficient to provide a 40 km driving range (i.e., 100–134 km/h) [91]. The vehicle uses
a dual motor generator (53 kW and 23 kW) drive system. The PHEV also has a 43 litre fuel tank
(14% less volume than the gasoline tank) that allows the vehicle run on a pure hybrid mode (0.044 L
gasoline/km) [91]. The gasoline engine mass of the PHEV was assumed to be 30% less than that of
the GV engine [91]. The electricity consumption was considered as 155 Wh/km during all-electric
mode [94]. Following Ciborowski et al. [95], this study assumes that the vehicle runs on gasoline for
50% of the travel time.

2.4.4. Hydrogen

Hydrogen production through water electrolysis using a proton exchange membrane (PEM)
electrolyser was considered due to its higher efficiency and operational pressure (around at 165 bar)
compared to the alkaline electrolysis (AE) process [96]. PEM electrolysis uses 54 kWh of electricity
to produce 1 kg of hydrogen [96]. Table 8 provides a summary of the life cycle impact (LCI) for
hydrogen fuel production. The input values for hydrogen compression at different stages was based
on Mehrdad et al. [97] and existing literature [10,41].

Desalinated water in WA, was considered for H2 production. The inventory data for seawater
desalination (Table 8), was sourced from Shahabi et al. [98] and Biswas et al. [99]. The study considered
solar and wind energy as the sources of electricity for the desalination plants in WA [98,100].

Hydrogen distribution through tube tankers using trucks was considered. The transport of
0.3 tonne of hydrogen amounts to approximately 30 tonne freight due to the additional weight of the
tubes and accessories [101]. The additional weight associated with the tube tankers of this alternative
fuel was also considered for accurately estimating the emission. Around 80% of gasoline in WA
is consumed in the Perth metropolitan region [102]. The mean delivery distance of hydrogen was
calculated for WA as 138.39 km based on BP locations [10] and gasoline consumption within and
outside the Perth metropolitan region. The delivery distance was considered the same for other fuel
options (such as gasoline and E65) from the KIA to retailers.
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In order to compare GV, with HFCV, the same vehicle brand (i.e., Toyota Mirai 2017) that delivers
identical power (max113 kW), was considered. The vehicle comprises a 114 kW fuel cell, a 113 kW
motor and a 5 kg hydrogen tank (mass of total tank 87.5 kg) to provide a driving range of around
500 km [103]. The inventory data for an 80 kW polymer electrolyte fuel cell and powertrain of 100 kW
HFCV were collected from Miotti et al. [58] and then customized for both the114 kW fuel cell and
113 kW HFCV for this study. Inventory for the HFCV is summarized in Table 4. The vehicle fuel
consumption was considered as 0.01 kg/km [103].

Table 8. Summary of inventory for hydrogen production (FU = per VKT; water desalination inventory
for 1 L).

Process Unit Amount

Fuel Production
Electricity kWh 5.40 × 10−1

Desalinated water from sea L 9.00 × 10−2

Hydrogen Compression kWh 9.42 × 10−3

Distribution to Retailer tkm 1.5 × 10−1

W
at

er
D

es
al

in
at

io
n

(1
L)

Electricity kWh 3.00 × 10−3

Sodium hypochlorite g 3.57 × 10−3

sulphuric acid g 6.90 × 10−4

sodium metabisulphite g 7.00 × 10−5

Detergent g 2.72 × 10−3

Citric acid g 9.30 × 10−4

Caustic soda g 4.00 × 10−4

Biocide g 9.86 × 10−3

Polypropylene g 5.00 × 10−5

Polyethylene g 5.00 × 10−4

Polyurethane g 1.40 × 10−4

Acrylonitrile butadiene styrene g 1.27 × 10−3

Polyamide g 1.40 × 10−4

Transportation
Local (chemicals) tkm 8.72 × 10−4

International (membranes from USA) tkm 5.48 × 10−4

Waste to landfill tkm 1.10 × 10−2

2.5. Life Cycle Impact Assessment

Life cycle environmental impact assessment was conducted to determine the indicators using
Simapro 8.4 software [40]. The Australian indicator method was used to determine these indicators
including GWP, WC and land use (Table 9). Besides, the FFD indicator was measured based on the
energy content of fuel by using the CML method, which is aligned with the Australian best practice
impact assessment guide [45].

Table 9. Impact assessment methods to estimate the environmental impacts.

Indicators Impact Assessment Method Unit

Global warming Potential (GWP) IPCC GWP 100 based on IPCC 2013 [104] kgCO2-eq/VKT

Fossil fuel depletion (FD)

CML-IA baseline V3.03 / World 2000.
Based on lower heating value. Does not
include renewable energy and energy

from waste.

MJ/VKT

Water Consumption (WC) Australian indicator set v2.01 cm3 H2O/VKT

Land Use Australian indicator set v2.01 cm2.a/VKT

The considerations in selecting/developing emissions from fuel inputs for estimating corresponding
environmental impacts included:
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• Australian life cycle inventory emission database (AusLCI) libraries [105] developed by Australian
Life Cycle Assessment Society (ALCAS) were employed to calculate the emissions corresponding
to inputs used during the life cycle stages.

• For the transportation of chemicals and feedstocks, the widely used 30 tonne articulated truck in
rural Australia was considered [69,72].

• Emission factors for international freight were considered to estimate the emissions for foreign
transportation of chemicals and materials from overseas (e.g., urea fertilizers and membrane).

• Eco-inventory emission factors, AusLCI libraries and Western Australian electricity mix were
used to estimate emissions from the Li-ion battery, charger, controller, inverter and converter for
the electric vehicle.

• US input-output database was used to calculate the environmental impacts from farm machinery
production during the agriculture of feedstock for ethanol fuel [69].

• The environmental impact of producing USD $1 (1998 price) equivalent farm machinery was
available in the software database. In order to use this database, the current price of farm
machinery was deflated to the 1998 price (average 2.45%) and converted to USD using the 1998
conversion factor [US$ 1=AU$ 1.5875] [106].

• Emission databases, such as Flexi-N fertilizer were developed based on the composition of Flexi
N (40% urea, 40% ammonium nitrate and 20% water) [107].

• The process for enzyme production and water desalination were developed by using
AusLCI libraries.

• The libraries for sodium metabisulphite and detergent for desalination were not available in the
Simparo databases, so two main ingredients of sodium metabisulphite (sulphur oxide and caustic
soda) were used to develop the emission databases for sodium metabisulphite [99]. In the case of
detergent products, sodium silicate and sodium metasilicate pentahydrate were used [108].

• Although there are emission databases for the Western Australian electricity mix, this was slightly
revised using the current electricity mix (Table 2).

Once all the input and output data were linked to the relevant libraries, Simapro calculated the
relevant indicators according to the selected impact assessment method. A Monte Carlo simulation
(MCS) involving 1000 iterations for a 95% confidence level was conducted to determine the uncertainties
of the LCA results associated with the quality of inventory data [109].

3. Results and Discussions

3.1. Global Warming Potential (GWP)

E65 has the highest GHG emission reduction potential (40%) due to the replacement of gasoline
(Figure 3). Less fertilizer and chemical requirements to grow straw and Mallee plus the lower N2O
emission during on-farm/feedstock production could be the main reasons for the high GHG reduction
potential of ethanol (E65). Since N2O is a powerful GHG (i.e., 268 times more powerful than CO2),
any reduction of this emission significantly reduces the overall GHG emission. The lack of microbial
activity in soil in WA’s semi-arid climate, in fact, releases 50-times lower N2O emissions from the
fertilizer application than the IPCC value. Figure 4 shows the breakdown of the GHG emission to
identify the hotspot of ethanol production. The conversion of straw to ethanol contributes 54% of the
production emissions mainly due to the large amount of GHG emission from enzyme production (50%
of total conversion emission).
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Figure 3. Life cycle GWP (kgCO2-eq/VKT) for different fuel options.

Figure 4. Breakdown of greenhouse gas (GHG) emissions in terms of ethanol (C2H5OH) production.

Tailpipe emissions were the main dominant factor for GHG emission for gasoline (75% of life
cycle emissions) which could be almost eliminated by the use of bio-ethanol. Any emissions associated
with the combustion of plant-based fuel were considered to be sequestered by plants [25]. About 29%
and 14% of GHGs can be reduced by switching from gasoline to EVs and PHEVs, respectively, mainly
because of the reduction in the tailpipe emission. Like gasoline, tailpipe GHG emission was found
to be the hot spot for PHEVs (i.e., 44% of the total life cycle emission). The tailpipe emission was
not completely eliminated as gasoline was used 50% of the total travel time. With the zero scope-1
emission (i.e., tailpipe GHG emission for this case) associated with the electric vehicle, EVs showed
21% less emission than the PHEVs.

However, GHG emissions from hydrogen fuel (0.556 kgCO2-eq/VKT) were more than double of
gasoline which is due to the large amount of electricity consumption during the water electrolysis
(i.e., 83% of overall life cycle emission). The emissions during distribution of H2 were also higher than
the other fuels due to the use of heavy tube tankers to carry gaseous fuel. In the case of HFCV, the
hydrogen tank (15% GHG emission of HFCV materials) and fuel cell catalysts (18.5% of GHG emission
of HFCV materials) were found to be the two main contributors of GHG emissions. The usage of
carbon fibre, which is the material of the hydrogen tank could alone contribute to 83% of emissions
associated with the manufacture of the hydrogen tank. Besides, the use of platinum in the fuel cell
catalyst accounted for around 90% emission from the total fuel cell materials emissions. Besides, for
the EV, the battery alone contributed approximately 43.6% emissions of all EV materials.

GHG emission results of this LCA were comparable with the existing literature.

• For example, the GHG emissions for hydrogen fuel production and use in Western Australia for
the current study (0.5 kgCO2-eq) is comparable with Biswas et al. (0.67 kgCO2-eq) in 2013 [10].
The GHG emissions of this study were lower due to the fact that it considered the recent WA’s
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electricity mix where the percentage of renewable was higher than that considered previously.
Also, it considered the use of a more efficient electrolysis process.

• Emission from GV without taking into account glider emissions (.0184 kgCO2-eq /VKT i.e., total
2071 kgCO2-eq) and HFCV (.060 kgCO2-eq /VKT) were comparable to Stasinopoulos et al. (total
2137 kgCO2-eq without glider) [61] and Miotti et al. (around 0.085 kgCO2-eq/VKT with glider) [58]
respectively. The GHG emissions for HFCV were higher for the previous study due to the
consideration of glider materials.

• The reduction potential of GHG emissions associated with the replacement of an internal
combustion (IC) engine with an EV powertrain of this study (29%) is slightly better than a previous
study (22%) [22] in WA. This small difference mainly resulted from the use of updated energy mix
and improved fuel efficiency.

• Like Van Mierlo et al. in Belgium [110] and Sen et al. in the USA [111], the current study also
found that the PHEV produced higher GHG emissions than the EV. The GHG emissions from
ethanol were also comparable to Wang et al. [112] and Zucaro et al. [75].

3.2. Fossil Fuel Depletion (FFD)

Fossil fuel depletion varied from 1.75 to 5.33 per VKT for different fuel options in Western Australia
(Figure 5). Similar to GHG emissions, the fuel production stage was found to be the ‘hotspot’ for FFD.
The overall reductions in fossil fuel depletion due to the use of E65, EV and PHEV as a replacement
for the gasoline engine were 36%, 40% and, 32%, respectively. For E65, the fuel production and
distribution accounted for 89% of the total FFD, mainly because of the additional heat required for
dehydration of the wheat-based ethanol conversion and enzyme production during lignocellulosic
conversion (i.e., straw and Mallee to ethanol). Hydrogen fuel, however, showed 83% higher fossil fuel
depletion compared to gasoline. Hydrogen production and distribution alone contributed 85.5% of
the FFD (among which 94% was from the electricity requirement for water electrolysis and 5% from
hydrogen distribution). Since, the desalination plant water supply for electrolysis is 100% run by
renewable electricity, this input is not contributing FFD. Like GHG emissions, the use of carbon fibre in
the hydrogen tank (27% of HFCV) and platinum in the fuel cell catalyst (16% of HFCV) were mainly
responsible for the FFD for the HFCV as those were manufactured by using conventional fuel.

In contrast to the hydrogen fuel, FFD was the lowest for the EV due to the use of a cleaner electricity
mix (only 28% from low efficient coal, around 7.5% renewable, 53% from natural gas) as fuel. Fuel
production and distribution for the EV accounted for 67% of the FFD compared to 33% for the EV
materials. The battery was found to be the highest FFD consumer (46% of the EV materials) mainly due
to the production of the Li-ion battery cell. The FFD associated with the use of the PHEV, on the other
hand, were found to be 14% higher than the EV as the latter relies on gasoline for 50% of the travel time.

Figure 5. Fossil fuel depletion for different fuel options (tailpipe emissions are omitted as there were
no FFD associated with tailpipe emissions).
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In the absence of studies that considered FFD as an indicator for assessing alternative fuels,
it is quite complex to compare the LCA results of products derived from a biological system for
one particular region in comparison with another. This is primarily due to the difference in climate
conditions and resource use [16]. Despite this, some comparisons with the existing literature have
been made as follows:

• Cavalett et al. [113] showed that E100 (100% ethanol) from sugarcane in Brazil produced 5 times
lower FFD than the gasoline, while E65 containing 35% fossil fuel (i.e., gasoline) in this study
produced almost 1.54 times lower FFD than the gasoline.

• In addition, the electric vehicle in different European countries reduced FFD impact between 25%
to 36% depending on the electricity grid [23] which was comparable with the current study (i.e.,
40% for the EV and 31% for PHEV).

3.3. Water Consumption (WC)

Life cycle water consumption was calculated based on the water use for different activities over
the life cycle of the fuel. Among the analysed fuel options, E65 emerged as the highest water consumer
(1440 cm3 /VKT), being 2.3 times higher than that consumed by a gasoline engine. As shown in Figure 6,
the production stage alone consumed 87% of the life cycle water use. This higher water consumption
was due to the direct water requirement during the conversion of ethanol from lignocellulosic
feedstocks. Ethanol conversion from Straw and Mallee wood contributed around 79% and 93% of water
consumption during the production stages. Besides, the manufacture of fertilizers in the pre-farm stage
accounted for 92% of water consumption of production stage for wheat-based ethanol.

Figure 6. Water consumption impact for different fuel options (tailpipe emissions are omitted as there
are no WC associated with the tailpipe emission).

WC for hydrogen fuel (1401 cm3 /VKT) was lower than E65 mainly due to the use of seawater
for electrolysis. Hydrogen production and distribution accounted for 57% of the total life cycle water
consumption and the remaining 43% were from HFCV. The reason for high water consumption during
hydrogen production was the large amount of electricity (54 kWh/kg of H2; i.e., 1310 cm3 H2O/kWh)
requirement during water electrolysis. Besides, higher WC for HFCV primarily due to the use of
Nickel metal hydride battery (22% of HFCV WC) and platinum catalyst (22% HFCV WC) in the fuel
cell. However, after adjusting the production stage water consumption (i.e., 9 kg/kg H2) of hydrogen
fuel by including seawater in the impact assessment, the total WC of hydrogen fuel (1490 cm3/VKT)
was slightly higher than E65.

Unlike E65 and hydrogen fuel, WC per VKT for gasoline (618 cm3), EV (487 cm3) and PHEV
(534 cm3) were found to be closer. The vehicle materials account for 60% WC for the EV compared to
40% in fuel production mainly due to the high water requirement during the production of the battery
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and other electronic components such as the inverter, converter and electric motor. The life cycle water
consumption of PHEV was slightly higher than EV as the production and distribution of the gasoline
(i.e., gasoline was used 50% of the total travel time of PHEV) required more water than that used to
generate electricity in WA.

The WC for gasoline production for this study was similar to the findings of Sun et al. [114].
Besides, Wu et al. [115] showed that WC for ethanol production from corn was 1.6 to 57 times higher
than gasoline depending on irrigation requirements. The water consumption of E65 of this study was
2.82 times higher than gasoline because the percentage of C2H5OH in the blend was low which means
that a small amount of water was required for irrigation for growing C2H5OH feedstock. In addition,
farmers in WA rely on rainfed agriculture [72]. Sharma and Strezov [116] showed that production
of hydrogen consumed 1.5 times more water than gasoline (without considering vehicle) per km.
Therefore, the finding of 2.27 times higher WC than gasoline for this study is comparable due to the
consideration of WC for distribution of hydrogen and vehicle materials.

3.4. Land Use

Land use impact (cm2.a/VKT) was measured as a total use of the land for a given period of time for
occupation by the built environment, forestry production and agricultural production processes [117].
As shown in Figure 7, the fuel production phase dominated the land use impact for E65 and for
hydrogen fuel. E65 showed the highest land use impact (i.e., 1092 cm2.a/VKT) due to the requirement
of land to grow feedstocks. For example, the production of wheat, straw and Mallee accounted for
99%, 83% and 93% land use, respectively, during the farming stage. Similarly, hydrogen production
and distribution contributed to 87% of land use impact, which is due to the use of land to generate
electricity during water electrolysis.

For the EV, however, 41% of land use occurred from vehicle materials as well as 61% from
fuel production. The higher land use from fuel production was due to land use in the upstream
processes of electricity generation. On the other hand, the land requirement for EV battery accounts
for 49.32% of the land used for all materials. This is due to the use of land for mining, processing
and manufacturing of materials for batteries. The PHEV requires almost half of the land compared to
the EV, which would be due to the use of gasoline fuel to complete 50% of the journey. It should be
noted that electricity production requires more land than gasoline production and supply due to the
infrastructural requirements.

Figure 7. Land use impact for different fuel options (tailpipe emission is omitted as there is no land use
impact associated with tailpipe emission).

Compared to gasoline, E65, hydrogen, EV and PHEV required 57.62, 14.94, 5.64, 3.28 times more
land, respectively, being comparable to the results published in other studies. As there was no study
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on the land use impact for different fuel options in WA, the results were compared with the studies on
other regions. For example, Sharma and Strezov [116], found that E85 and hydrogen require 350 and
1.24 times more land than that of gasoline per VKT. In this study, the land use of E65 was low, because
it considers a lower blended ethanol (i.e., 65% ethanol compared 85% in the previous study). Land use
impact for hydrogen, however, is higher for this study due to the consideration of land required for
mining, process and manufacturing of vehicle materials. Besides, land use for EV was lower than
hydrogen due to having less electricity requirement per VKT and the lower materials requirements
compared to HFCV.

4. Scenario Analysis

The scenario analysis was conducted to investigate as to how the changes or modifications of
input influence the overall performance of alternative fuels. Thus, this analysis involved the use of
improvement strategies based on hotspots (key reasons for higher environmental impacts). Table 10
shows the modifications or strategies considered to further reduce GHG emissions. Firstly, “hotspots”
for each alternative fuels were identified to determine the appropriate GHG mitigation strategies.
The reason for higher environmental impact of hydrogen was the electricity generation. Wind is
considered as an alternative to fossil fuels to generate electricity due to its enormous potential [118–121]
and uses [35,98,100] in WA. As shown in Table 10, wind energy based hydrogen production has the
potential to reduce life cycle GHG emissions as low as 70% compared to gasoline.

The use phase electricity consumption was also found to be the hotspot for EV in all impact
categories including GHG emission. The projected energy mix that has the largest share of renewable
energy (i.e., 37% by 2030) [35] was considered for scenario analysis. This will result in further GHG
savings potential (from 29% to 50%) due to the replacement of the IC engine with an EV. For the PHEV,
E10 was considered a replacement for gasoline for a clean energy mix (i.e., 37% RE) to treat the hotspots.
In addition, the travel time during which electricity was used in the PHEV increased from 50% to 60%
of the total mileage of the car. Based on these strategies and assumptions, GHG emission reduction
potential of the PHEV increased from 14% to 33%.

Table 10. Improvement of GHG emission by applying scenario analysis.

Fuel Basis Strategy Considered Improvement

Hydrogen Hot spots
Hydrogen

production by Wind
energy

-Base case result: 120% higher than gasoline.
-After implementing the strategy:

70% lower than gasoline.

EV Hot spots
Cleaner grid

electricity
for charging

-Base case result: 29% lower than gasoline.
-After implementing the strategy: 50% lower

than gasoline.

PHEV

Hot spots Use of E10 in place
of gasoline -Base case result: 14% lower than gasoline.

Hot spots
Cleaner grid
electricity for

charging
-After implementing the strategies and alternative scenario:
33% lower than gasoline. Additional reduction of 3% for
E10, 11% for cleaner electricity and 5% for considering the

alternative scenario was achieved from the base case.Alternative
scenario

Vehicle runs on
electricity for 60% of

the travel time.

Ethanol (E65) Hot spots
Renewable energy is

used for enzyme
production

-Base case result: 40% lower compared to gasoline.
-After implementing the strategy: 5% additional reduction
per L of fuel. Overall reduction of 41% per km compared

to gasoline.

GHG emission reduction due to the replacement of gasoline with E65 was the highest during
the base case analysis. Renewable energy is, however, considered for enzyme production for further
improvement as this was the main contributor of emission during ethanol production. By applying
this scenario, an additional 5% GHG emission reduction was possible from the production stage per
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litre of E65, which was around 1% per km. GHG emission reduction per km was lower due to the
dominance of tailpipe GHG emissions.

Using these improvement scenarios not only reduced the direct environmental impacts but also
could reduce the external cost associated with land intake, GHG consequences to climate change, water
consumption and related health issues [16,122,123]. For example, the air pollution from fossil fuel
based motor vehicles reduces the quality of life and causes morbidity and mortality effects. The overall
life expectancy lost due to this premature mortality could be from a few months up to 10 years [124].
The internalization of these factors may help to increase the competitiveness of alternative fuels in
the market. A stringent policy formulation towards climate change is, however, essential for a rapid
transition to alternative fuels [123].

5. Uncertainty Analysis

Uncertainty analysis was based on 1000 iterations for a 95% confidence level. The calculated value,
mean and coefficient of variance (CV) of each indicator are shown in Table 11. The CV values ranged
between 1.36 and 25.95. The relatively smaller CV was obtained for the global warming potential
(1.36 to 2.98), which was indicative of a lower degree of uncertainty as there was no direct effect
from the land use change, vegetation and topography [109]. Nonetheless, higher variations in the
CV values were observed for the land use category (0.43 to 25.92) due to the aforementioned factors.
The difference between the calculated value and mean for all impact categories was also found to be
quite small, which varied between 0.4% and 5.82%.

Table 11. Uncertainty analysis (based on FU per VKT).

Indicators Parameters Gasoline E65 EV PHEV Hydrogen

GWP
(kgCO2)

Calculated Value 0.253 0.152 0.179 0.217 0.556
Mean 0.252 0.149 0.173 0.211 0.549

CV 1.47 1.6 2.99 1.36 2.98

FFD
(MJ)

Calculated Value 2.91 1.85 1.75 1.99 5.33
Mean 2.87 1.81 1.69 1.92 5.26

CV 2.24 1.82 2.69 1.71 2.44

WC
(cm3 H2O)

Calculated Value 618 1435 487 534 1402
Mean 609 1433 477 521 1400

CV 6.15 4.3 5.45 3.74 6.76

Land Use
(cm2.a)

Calculated Value 18.95 1092 107 62 283
Mean 17.80 1092 106 61 282

CV 20.19 0.43 19.5 18.43 25.92

6. Conclusions

This study has investigated the environmental performance of potential fuel options for Western
Australia using the life cycle assessment framework. Alternative fuel options, such as E65, EV, PHEV
and hydrogen were selected based on local resource availability. The study has compared these fuels
with the fossil fuel gasoline as a reference case. Four indicators, namely GWP, FFD, WC and land
use were considered based on their necessity that was established through the literature review and
expert surveys. Monte Carlo simulation statistical analysis was conducted to ascertain the reliability of
the results.

The results indicated that the EV and PHEV have the potential to reduce the GHG emission,
FFD and WC impact when compared to gasoline. That was mainly due to the reduction of tailpipe
emissions and the use of cleaner electricity. Since hydrogen production is reliant on large amounts
of electricity, it has a higher environmental impact in all the impact categories compared to that of
gasoline. The requirement of heavy tube tankers for hydrogen distribution, and use of carbon fibre
in the hydrogen tank and platinum in the fuel cell in the HFCV are also responsible for the higher
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impacts from hydrogen. Ethanol (E65), however, outperformed all other fuel options in terms of GWP
impacts due to its low environmental burden during feedstock production but produced higher WC
impacts similar to the ones from hydrogen. Land use impact was also the highest for E65 followed by
hydrogen, EV, PHEV and gasoline. The highest land use impact associated with E65 was due to the
land requirement during the agricultural production of feedstocks. In terms of vehicle materials, the
EV (41% of total life-cycle land use) had the highest land use impact that is predominantly due to the
battery production. A sensitivity analysis that has been carried out shows that the GHG emissions can
be further reduced by between 14% and 70% by simply substituting grid electricity with renewable
power generation in the production of H2 and electricity for hydrogen and electric vehicles.

Feedstocks for the study were selected in such a way that their use in the production of fuel(s) had
minimal or no effect on the food supply chain in WA. The state also has an enormous amount of land
which is capable of supporting renewable power production and alternative fuel activities. Adoption
of renewable resources would reduce the environmental burden due to extensive fuel use, especially
with hydrogen and electric vehicles in the state. However, future research regarding sustainability
evaluation of these fuel options may need to incorporate social and economic aspects.
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• AVM Additional vehicle materials

• BP British Petroleum

• CSIRO The Commonwealth Scientific and Industrial Research Organisation

• CV Coefficient of variance

• E65 Ethanol-gasoline blend (65% ethanol and 35% gasoline)

• E85 Ethanol-gasoline blend (85% ethanol and 15% gasoline)

• ELCA Environmental Life cycle assessment

• EV Electric vehicle

• FFD Fossil Fuel Depletion

• FU Functional unit
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• GHG Greenhouse gas

• g Gram

• gmt Green Metric tonne

• GV Gasoline vehicle

• GWP Global warming potential

• ha Hectare

• HFCV Hydrogen fuel cell vehicle

• ISO International standard organization

• kg Kilogram

• KIA Kwinana Industrial Area

• L Litre

• LCA Life cycle assessment

• LCI Life cycle inventory

• ML Million Litre

• Mt Million tonne

• PEM Proton exchange membrane electrolysis

• PHEV Plug-in hybrid electric vehicle

• PJ Peta joule

• tkm Tonne-kilometer

• VKT Vehicle kilometre

• WA Western Australia

• WC Water Consumption
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