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Abstract: Environmental obligation, fuel security, and human health issues have fuelled the search
for locally produced sustainable transport fuels as an alternative to liquid petroleum. This study
evaluates the sustainability performance of various alternative energy sources, namely, ethanol,
electricity, electricity-gasoline hybrid, and hydrogen, for Western Australian road transport using a
life cycle sustainability assessment (LCSA) framework. The framework employs 11 triple bottom
line (TBL) sustainability indicators and uses threshold values for benchmarking sustainability
practices. A number of improvement strategies were devised based on the hotspots once the
alternative energy sources failed to meet the sustainability threshold for the determined indicators.
The proposed framework effectively addresses the issue of interdependencies between the three
pillars of sustainability, which was an inherent weakness of previous frameworks. The results show
that the environment-friendly and socially sustainable energy options, namely, ethanol-gasoline blend
E55, electricity, electricity-E10 hybrid, and hydrogen, would need around 0.02, 0.14, 0.10, and 0.71
AUD/VKT of financial support, respectively, to be comparable to gasoline. Among the four assessed
options, hydrogen shows the best performance for the environmental and social bottom line when
renewable electricity is employed for hydrogen production. The economic sustainability of hydrogen
fuel is, however, uncertain at this stage due to the high cost of hydrogen fuel cell vehicles (HFCVs).
The robustness of the proposed framework warrants its application in a wide range of alternative fuel
assessment scenarios locally as well as globally.

Keywords: alternative transport fuel; triple bottom line; sustainability assessment; life cycle approach;
threshold value; improvement strategies; sustainable development

1. Introduction

Concerns regarding climate change along with related health issues, increasing expenses of
non-renewable energy sources, and the geopolitical vulnerability related to fossil fuel supplies have
propelled countries to look for clean and renewable substitutes [1–3]. Engineers need to search
for region-specific alternative fuel sources to improve the environmental, economic, and social
situation [1,4,5].

In Australia, the transport sector consumes the highest share of energy (1589.2 PJ, 27.3%) compared
to all other sectors in the country [6]. The sector is mainly dependent on fossil fuels and accounts
for 16% of total Australian greenhouse gas (GHG) emissions. The Australian transport sector could
face serious energy security issues if there is a substantial fluctuation in price and/or geopolitical
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conflicts due to the fact that 90% of its transport fuel is imported through different conflict zones [7].
The strategic petroleum reserve of Australia is quite low compared to other International Energy
Agency countries. The country, for example, currently holds only 18 and 22 days of cover for petrol
and diesel fuel requirements, respectively [8].

Reference [2] reveals that the transportation system in Western Australia (WA) is unsustainable.
Mining, which is the life blood of WA’s economy, has the same energy consumption (239.7 PJ, 22.36%)
as the transport sector (230.7 PJ, 21.5%) [9]. This is because people are heavily dependent on passenger
cars, and the use of public transport is not popular due to the dispersed locations within WA and long
distances between population centres [10]. Even within Perth, which is the capital of WA, a 20 min
journey by car often takes more than an hour by public transport, which usually requires bus and/or
train changes [11]. About 72% of WA’s vehicles are passenger cars, of which 87% use imported
gasoline. WA’s transport fuel contributes quite a large share (14%) of the state’s GHG emissions [10,12].
Low-elevation vehicle exhaust emissions in the atmosphere have the potential to cause significant
human health problems [13]. The UK and France have already declared a ban on the sale of gasoline
and diesel cars from 2040 to combat air pollution and health problems [14,15]. The use of locally
available alternative fuels needs to be explored for the passenger vehicles in WA to overcome the
aforementioned socio-economic and environmental issues [16]. Life cycle sustainability assessment
(LCSA), which considers all three aspects of sustainability during the entire life cycle of fuel, is a very
useful tool for making realistic decisions [5].

A review of the sustainability assessment of alternative fuels showed that 62% of the published
studies considered only the environmental life cycle assessment (ELCA), whereas 25% considered
ELCA and life cycle costing (LCC) [17]. The literature on social life cycle assessment (SLCA) and
LCSA of alternative fuels is still very limited [17]. The assessment of alternative fuels using the triple
bottom line (TBL) sustainability indicators has not been done rigorously [5]. The decision to choose
sustainable alternative fuels is primarily dependent on the sources of locally available feedstocks and
their long-term availability [2]. Besides, sustainability indicators need to be selected based on local
requirements [17–19]. A few studies [20–24] in different sectors, such as fuel, electricity, bio-refineries,
and application of solar energy, applied multi-criteria decision-making techniques to combine the
three objectives of sustainability based on different weighting approaches, but a scenario analysis
with regard to interdependencies between the TBL indicators was absent [17]. Practical case studies
that incorporate the three dimensions of sustainability with life cycle approaches to operationalizing
the concept of LCSA are required [25]. A comprehensive framework was presented in one [5] of the
previous studies by the authors. The framework includes all the relevant phases of a product’s life cycle
as well as regional scale fuel selection and indicator development. The framework also accommodates
scenario analysis, incorporating interdependencies among the three pillars of sustainability in order to
overcome the abovementioned weaknesses in other studies.

The first stage of implementing the analysis was to conduct the environmental component of
the framework, which has already been published [2]. The second step is the full execution of the
framework by integrating SLCA and LCC with ELCA of alternative fuel sources, which is presented in
this paper. In addition, the paper presents threshold values for sustainability indicators, which were
developed to identify hotspots and incorporate improvement strategies into the framework for
identifying sustainable fuel options. The study presents a novel approach to evaluating alternative
fuels using Hoque et al.’s framework [5], which proposed incorporating the TBL of sustainability,
threshold values, and a life cycle approach.

2. Implementation of the Framework

This section discusses various aspects of the framework such as fuel selection, indicator selection,
process for data collection and evaluation, and the development of threshold values for sustainability
decisions to present the implementation process of the framework under the goal and scope of the study.
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2.1. The Framework

The LCSA framework, as shown in Figure 1, has been used to assess the triple bottom line
sustainability performance of alternative fuels. ELCA, SLCA, and LCC tools are integrated into
the framework to measure the environmental, social, and economic indicators of the selected fuel
options. The selection of appropriate TBL indicators, data collection, sustainability assessment,
determination of threshold values, hotspot analysis, and selection of proper improvement strategies
are the main constituents of the framework. In order to aid the decision making for sustainable fuel
selection, the framework employs a threshold value approach for estimating the level of sustainability
performance achieved. Once the TBL metrics have been determined, the findings are compared
with the applicable threshold values to verify that the sustainability requirements have been met.
The possible causes for not meeting the sustainability performance are then investigated through
hotspot analysis. Accordingly, TBL improvement strategies are incorporated into the framework to
meet the threshold value.

Fuel options are considered for social assessment only if all the ELCA indicators satisfy the
threshold values. This is followed by economic assessment, which is the third phase of the sustainability
assessment of the selected fuel options. A similar process is applied to the economic assessment,
as social sustainability has to be met prior to considering the economic analysis. Follow-up ELCA,
SLCA, and LCC analyses are conducted after incorporating environmental, social, and economic
improvement strategies to ascertain and address the interdependencies between TBL indicators.
Application of renewable energy during the production of alternative fuel, utilization of cleaner
electricity for electric vehicle (EV) charging, local production of alternative fuel vehicle components,
etc., are some examples of environmental and social strategies that have been employed in this
study. Other than that, different policy instruments, such as rebates, capital subsidy, research and
development, soft loans, etc., are examples of incorporated economic strategies.
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2.2. Goal and Scope of the Study

The goal of this LCSA study is to determine the sustainability performance of alternative fuels for
the Western Australian transport sector. The functional unit of the study is vehicle kilometre travel
(VKT), and the system boundary includes all stages of the fuel life cycle from resource extraction to use
in the vehicle (i.e., well to wheel). Furthermore, any modifications in the internal combustion engine
and powertrain for enabling the use of alternative fuel are included in the TBL assessment. The gliders
of all vehicle types are considered the same [2,26–28]. The end-of-life stage of the vehicle was not
considered as the study focused on the fuel life cycle only. The vehicle maintenance phase was also
excluded due to its insignificant (1–2%) contribution to the life cycle impacts [2,27,29].

2.3. Fuel Selection

Fuel selection for the region, which is the first step in the framework, entirely depends on the
availability of the relevant feedstocks. There would be additional environmental impacts and costs if
the feedstocks were to be imported from other places. Keeping in mind the availability of feedstocks
in WA, alternative fuel options, such as E65 (ethanol-gasoline blend: 65% ethanol), electricity for EV,
electricity-gasoline for plug-in hybrid electric vehicle (PHEV), and hydrogen, have been selected for the
base case analysis as an alternative to gasoline for WA’s gasoline-driven passenger vehicles [2]. For the
ethanol fuel (E65), three potential feedstocks, namely, wheat (10%), cereal straw (53%), and mallee
(2%), were considered. The calculation regarding E65 and reasons for selecting these fuel options are
presented in Section A of the attached Supplementary Materials.

2.4. Selection of Indicators

The development of region-specific TBL indicators is required for conducting a more reliable
sustainability assessment [30,31]. For this study, initially, 13 indicators were selected based on a critical
review of the local data and literature. Local reports from related government and semi-government
organizations, such as the Australian Renewable Energy Agency [32], Australian Life Cycle Assessment
Society [13], Department of Agriculture [33], Commonwealth Scientific and Industrial Research
Organization, etc., and published studies were reviewed. Some of the environmental indicators,
for example, human toxicity, ozone depletion potential, acidification, and biodiversity, were excluded
due to their rather low impact in WA [2,13]. Vehicle exhaust emission, however, as a measure of human
health has been considered an important indicator for the social sustainability assessment of alternative
fuel in this study, as direct exposure to low-elevation vehicle emissions can cause serious harm to human
health [2]. Three exhaust emissions from the vehicle, namely, CO, PM, and NOx, were considered
on the basis of the main air contaminates in WA, their sources from vehicles, and possible health
impacts [9]. Besides, local job creation was considered as an important measure for any alternative
fuel in Australia [34]. There are ties between social and economic impacts as social development
also increases economic activity [34]. The ‘local job creation’ indicator has been considered under the
social dimension of sustainability in the current study, following the existing literature [20,22,35–38]
and guidelines such as the social hotspot database [35], guideline for social life cycle assessment,
Organization for Economic Co-operation and Development indicators [39], and Global Bioenergy
Partnership sustainability indicators [40].

To establish the indicators for this study, expert opinion was gathered through a survey. Obligatory
ethics approval had to be obtained from Curtin University (approval number: HRE 2019-0101) before
launching the survey. The survey was conducted over 6 months from March 2019 to August 2019 by
using an online questionnaire. In total, 30 responses were collected from three stakeholder categories,
namely, academia, industry, and government, where each category provided an equal number of
responses (i.e., 10 responses were collected from each category). The indicators that were considered
important by 50% or more of the experts were selected for assessment. Experts were also given an
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option of suggesting new indicators. Finally, four environmental, four social, and three economic
indicators were selected through consensus conference, as shown in Table 1.

Table 1. Selected triple bottom line (TBL) indicators for the study.

Sustainability
Dimension Indicator Unit

Percentage of
Respondents that

Considered it Important

Environmental

Global warming potential (GWP) Kg CO2/VKT 87%
Fossil fuel depletion (FFD) MJ/VKT 67%
Water consumption (WC) m3/VKT 63%

Land use (LU) Ha.a/VKT 53%

Social

Local job creation * man.hour/VKT 67%
Conservation of fossil fuel (CFF) MJ/VKT 50%

Occupational health and safety (OHAS) Qualitative 50%
Human health based on vehicle exhaust

emission (HHVEE) ** gm/VKT 86%

Economic
Life cycle costing (LCC) AUD/VKT 83%

Carbon reduction credit (CRC) AUD/VKT 57%
Net benefit AUD/VKT 70%

* Direct job creation locally in WA due to local activities within the system boundary. ** Only vehicle exhaust
emission is considered due to its direct impact on human health and its requirement for local policy formation in
WA [34].

Even though social acceptability was included in the beginning as a social indicator based on
some previous studies [41,42], it was later excluded based on the respondents’ suggestions. The survey
respondents commented that the cost competitiveness of alternative fuels (e.g., life cycle costing, LCC)
was the critical factor in fuel selection in WA rather than social acceptability. Social implications may
arise due to grain-based ethanol production but the main ingredient of ethanol in this study was cereal
straw, which remained as an unused by-product [43]. Mallee trees, on the other hand, are an inedible
source that was proposed to be grown on the terrace of the agriculture field without disturbing the
existing agricultural practices [43]. Only a small portion of wheat that would be enough to produce an
E10 requirement for WA (Supplementary Materials: Section A) has been conservatively considered
to prevent food scarcity issues [2]. The amount of wheat needed for E10 production is trivial as
only the starch part of the wheat, which accounts for around 20% of the wheat, is used for ethanol
production and the remaining 80% returns to the food supply chain as a distiller grain [44]. Similarly,
eutrophication was removed because it was not considered relevant by the local experts due to its
minimal effect on the alternative fuel supply chain in WA [2]. Using the same rationale, the impact
of the use of feedstocks for ethanol fuel production was ignored even though it was suggested as an
indicator by some of the survey respondents.

2.5. Data Collection and Assessment Procedures

This section presents how the data were collected and used in the ELCA, SLCA, and LCC analyses
to calculate TBL indicators.

2.5.1. Environmental Indicators

The detailed data regarding the selected ELCA indicators have already been published in the
authors’ recent article in Atmosphere [2]. Environmental life cycle assessment was conducted by using
Simapro 8.4 software and the Australian life cycle inventory. For the unavailable processes in the
Australian life cycle inventory, eco-invent databases were modified with the Australian unit process
and Western Australian electricity. The calculation of ELCA indicators is governed by Equations (4)–(7)
in Section B of the Supplementary Materials. Necessary assumptions for estimating the inputs and
outputs pertaining to different life cycle stages of alternative fuels are summarized as follows:
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• Based on the average wheat yield in the state, a medium yield of 1.9 tonnes/ha in a farm in WA
was considered for the production of wheat [45]. The ethanol conversion plant was considered
to be located in the Kwinana Industrial Area (KIA) adjacent to the BP refinery. Local emission
factors for WA soil were sourced from Hoque et al. [2].

• The ethanol production plant from straw was considered to be situated in the Northam area as it
was one of the eight promising locations for straw-based ethanol production in WA. As wheat
was the dominant cereal (around 70%) in WA, wheat-based straw was assumed as an input in the
analysis. The estimated amount of straw that remained on the paddock after providing 1.5 tonnes
per ha retention was 1.92 tonnes/ha [2]. As cereal was produced in WA solely for food production
purposes, and the current straw mostly remains unused, no environmental burden was attributed
to straw production [46]. The straw was considered to be transported to the plant from within a
70 km radius of the plant [47].

• Katanning, a mallee-rich area of WA, was chosen for mallee-based ethanol. Mallee biomass was
estimated to be transported 100 km to a processing farm [48]. The total life of the mallee tree
was considered to be 30 years. The first harvest was considered to be after six years, and the
following 6 harvests were done at 4-year intervals (16 metric tonne/harvest/ha) [48]. All ethanol
was considered to be transported to the BP refinery, KIA, for blending with gasoline.

• Water electrolysis has been considered for this study for hydrogen production. It employs the
proton exchange membrane (PEM) electrolyzer, which requires 54 kWh per kg of hydrogen [2,49].
The hydrogen production plant at KIA was assumed to receive water from a renewable-based
desalination plant. This option was chosen because these plants supply around 50% of WA
water [50]. The Perth desalination plant in WA [51] is currently completely powered by
wind electricity.

• The ethanol and hydrogen were estimated to be transported an average distance of 138.39 km [2]
from the final processing plants to the end user. This was calculated based on the mean distance
of BP refueling stations from the Kwinana refinery in WA.

• EVs and PHEVs were assumed to be charged overnight at home using grid electricity due to the
suitability of home charging in WA [2].

• A Toyota Corolla was chosen as the base vehicle for gasoline as it was one of the popular passenger
cars in Australia (Table 2). The Japanese electricity grid [52] was used for the vehicle production
component as the vehicle was imported to Australia from Japan [29].

Table 2. Vehicles used for different fuel options.

Options Equivalent Vehicle Description Vehicle Inventory

Gasoline Toyota Corolla 0.06 L/km

Hoque et al. [2]

HFCV Toyota Mirai
0.01 kg/km

114 kW polymer electrolyte fuel cell
5 kg hydrogen tank

EV Nissan Leaf
(2nd generation)

40 kWh Li-ion battery
270 km per single charge

PHEV Toyota Prius Prime
8.8 kWh Li-ion battery
155 Wh/km first 40 km

0.044 L gasoline/km in charge sustaining mode

E 65 Ethanol flex fuel vehicle 0.075 L/km (modified fuel and injection system
for the Toyota Corolla)

2.5.2. Social Indicators

Alternative fuels have the potential to create jobs locally [34]. Direct local job creation due to the
manufacturing and activities related to the input and output processes required over the life cycle of the
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alternative fuel was measured (Equation (8) in Supplementary Materials: Section B) in this study as job
creation/VKT. By considering WA’s current vehicle industry competence [53,54] and following the case
of WA’s neighboring state South Australia [55], the assembly of alternative vehicles that use alternative
fuels was assumed to take place locally in Western Australia. Other assumptions for estimating the
local job creation were as follows:

• Person-hours required per unit of inputs (e.g., production of herbicides, fertilizers, etc.) were
calculated by collecting data from local plants/organizations. For example, fertilizer was required
during the cultivation of ethanol feedstocks. The number of staff required to produce each unit of
fertilizer was collected from Perdaman Industries located in Karratha, WA. To produce 2 million
tonnes of fertilizer per annum, the producer would require around 200 permanent staff [56].
Therefore, the calculated man-hours for this input were 1.79 × 10−4 for per kg of fertilizer by
considering standard working hours of 34.4 per week for Australia [57]. Job creations through
plant construction (e.g., plants to produce fertilizers, electricity, etc.) were not considered as these
plants were not solely constructed to produce inputs for alternative fuels.

• Job creation related to other activities, such as seeding, spraying, and harvesting during the farming
stage of ethanol (Supplementary Materials Section C: Table S1), were calculated based on local
data published in various studies [42,43,58,59] and information received from the Department of
Primary Industries and Regional Development [60]. Staff requirements for the ethanol production
plant (e.g., 1.17 × 10−3 man-hours/L for cellulosic ethanol) were taken from AECOM Australia [61],
whereas the data for the hydrogen production plant (e.g., 4.48 × 10−3 man-hours/kg H2) were
based on American industries [62] due to the unavailability of local data.

• The measurement of job creation per kWh of electricity generation is quite complex because
the electricity is produced from a number of fuel sources. For locally inaccessible information,
Equation (9) in the Supplementary Materials: Section B [20,63] was used to generate the data by
using the electricity mix of WA. Job creation during the fuel extraction and plant operation phases
were taken into account because of the direct influences of these phases on the local job market.
The job creation per kWh was calculated as 1.90 × 10−4 man-hours/kWh. Distribution phases of all
fuels were assumed to create the same number of jobs based on the estimation by Garrett-Peltier
et al. [64].

• The Altona vehicle assembly plant in Australia employed 4000 staff for the assembly of 61,000 cars
per year [65]. Based on this information and the average life of 112,567 km for a passenger vehicle
in WA [2], the job creation through vehicle assembly per km has been calculated. Assembly of an
EV would require 30% less time compared to gasoline due to there being less moving parts in the
drive train [66]. A hydrogen fuel cell vehicle (HFCV), on the other hand, requires more time to
assemble due to the use of complex technologies (i.e., fuel cells and safety devices). However,
the assembly time is expected to reduce with mass production and improvements in automation,
as has occurred with the gasoline engine [67,68]. The time required for assembly also varies
with the size of the plant, number of cars produced per year, and vehicle model [69]. The job
creation through vehicle assembly was thus assumed to be the same for all vehicles to provide a
fair comparison.

The conservation of fossil fuel (CFF) by using an alternative fuel was measured using Equation (10)
in the Supplementary Materials: Section B. Human health, on the other hand, was assessed based on
the difference in the exhaust emissions of gasoline and alternative fuel vehicles per VKT as mentioned
during the indicator selection section. For the qualitative indicator (i.e., occupational health and safety,
OHAS), a 5-point Likert scale was used to collect scores from the respondents in the supply chains of
alternative fuels, where 1 indicated the least satisfaction and 5 indicated 100% satisfaction [5,31]. If any
respondent scored less than 5, the reason was asked (or what would make them score 5) [5]. Approval
regarding the survey from Curtin University Human Research Ethics Committee (approval number:
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HRE 2019-0642) was received in September 2019. The survey was conducted over a period of eight
months from September 2019 to April 2020 to collect the responses.

2.5.3. Economic Indicators

The cost data are summarized in Section C of the Supplementary Materials (Table S2). The base
year for economic analysis was 2018, and the costs for other years were either inflated or deflated to
2018 AUD. The following considerations were made during the calculation of economic indicators:

• Assumptions regarding the cost per unit of corresponding traditional fuel is one of the deciding
factors for the sustainability assessment of alternative fuels. The gasoline price was close to 150
cents/L in 2013 and decreased afterwards but started to increase again in 2018 [70]. To capture this
variation, the average gasoline price (135.42 cents/L) for the last 7 years was considered [70].

• Zero economic allocation was provided to cereal straw during the environmental assessment [2].
This was done because the cereals were solely cultivated for food production in WA and,
therefore, no cost was allocated for straw production. However, costs associated with straw
harvesting, handling, nutrient replacement, and transportation of straw to the processing plant
were considered. Additionally, a nominal profit margin of around 11 AUD/tonne of straw was
considered for the farmers for their contribution to bioenergy [43].

• The cost relating to different activities for growing mallee in WA was based on the studies by Wu
et al. [58] and Stucley et al. [43]. This is shown in Section C of the Supplementary Materials (Table
S2). The estimated cost of mallee production was around 53.45 AUD/green metric tonne.

• The capital cost of ethanol plants was calculated based on a 100 ML/year capacity facility with
a project life of 20 years [61]. The capital cost for starch and cellulosic (i.e., straw in this study)
ethanol plants in Australia was assumed to be AUD 97 M and AUD 194 M, respectively [61].

• A 50,000 kg/day hydrogen production plant (approximately equivalent to ethanol plant capacity)
with a project life of 35 years was considered [62,71]. An initial capital cost of around 144 M AUD
for the hydrogen plant was assumed based on an estimation by the Commonwealth Scientific and
Industrial Research Organization Australia [71]. With the initial investment, a 15% replacement
cost was assumed every 7 years due to the fuel cell stack [62]. All the capital costs were based on
100% debt with 7% interest rate over the life cycle of the project [71].

• The costs of utilities, such as electricity, water, and gas, for different purposes are shown in Table 3.
Water price for non-residential customers varies in WA due to the associated cost of supplying
water in different regional locations [72]. The electricity costs of hydrogen and ethanol plants
were based on the price for industrial customers received from a local supplier, Synergy [73].

• Hydrogen delivery through tube tankers was modelled by calculating the costs associated with
the price of the truck, tube tankers, the required amount of diesel, and the driver’s wage [76].
The calculated cost was found to be 2.30 AUD/kg. This cost of hydrogen distribution was found
to be very close to 2.24 AUD/kg, which was the estimate received from a local transportation and
logistics company [77].

• All the cost values were inflated by 3% every year [78] until the end of the project life (e.g., 20 years
for ethanol and 35 years for hydrogen). The discounted cash flow analysis was used to determine
the present value of the future costs associated with fuel production using Equation (11) [78]. LCC
per VKT of fuel was then calculated using a capital recovery [79] factor as shown in Equations
(12)–(14) in Supplementary Materials: Section B.

• The producer margin of locally produced liquid fuel (i.e., ethanol in this study) was considered to
be 0.10 AUD/L [80], which was around 10% of the production cost. A similar profit margin (i.e.,
10% of production cost) was also assumed for hydrogen fuel.

• An excise rate of 26.21% for ethanol in Australia was incorporated in the analysis. It has been
assumed that there would not be any excise on hydrogen as both the Australian federal government
and WA state governments were ready to support the penetration of hydrogen in different settings
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within the country [81]. A GST (goods and service tax) of 10%, however, was applied to both the
fuels for base case analysis as it was usually added to fuel costs in Australia [82].

• The cost of an ethanol-blended gasoline vehicle was assumed to be the same as for the gasoline
vehicle [73,83]. Costs of AUD 44,037, 39,326 and 70,650 were calculated for EV, PHEV, and hydrogen
fuel cell vehicles, respectively, based on a study by Miotti et al. [26]. The price of the gasoline
vehicle (i.e., AUD 26,709) was based on the market price in WA [84]. The additional vehicle cost
for alternative fuel vehicles compared to the gasoline vehicle due to the changes in powertrain was
considered to be paid upfront during the vehicle purchase and subjected to discounted cash flow
analysis with the same inflation and discount rate as like fuel [85]. The life of a new passenger
vehicle in WA was 10.23 years [2].

• For carbon reduction credits (Equation (15) in Supplementary Materials: Section B), an average
value of 40 AUD/tonne of GHG emission was assumed based on Wang et al. [86]. The assumed
value was consistent with the guidelines from the International Monetary Fund and the United
States Environmental Protection Agency [87]. The indicator net benefit was calculated based on
the difference between the costs per km of using gasoline and an alternative fuel option.

Table 3. Cost of utilities for different activities.

Items Unit Cost/Unit Purpose Reference

Electricity
AUD/kWh

0.2011 * (of which the first
10 unit/month is free) EV and PHEV home charging [74]

Electricity 0.5274 (peak)
0.1584 (off-peak)

Ethanol and hydrogen
production plant [74]

Desalinated water

AUD/kL

1.17 Hydrogen plant at KIA [51]

Water for business
utility at Northam 7.221 Ethanol from cereal plant [72]

Water for business
utility at Katanning 8.562 Ethanol from mallee plant [72]

Water for business
utility at KIA 3.653 Ethanol from wheat [72]

Natural gas AUD/GJ 9.81 Ethanol from wheat [75]

* Usual home tariff price without subsidy: 0.29 AUD/kWh [74].

2.6. Determination of Threshold Value

The threshold value for each TBL indicator was incorporated into the framework to assess whether
the sustainability performance measures had been met [88]. By considering the potential vulnerability
of liquid fuel security and the current utilization level of alternative fuels, which is almost zero in the
WA transport sector [7,89,90], threshold values were determined in such a way so that it would be
possible to incorporate and assess further improvement strategies by identifying social, economic,
and environmental hotspots [5].

A 33% reduction in GHG emission was chosen for global warming potential (GWP), as this
reduction was required in the transport sector during 2020–2030 to maintain Australia’s Paris agreement
commitment of reducing the GHS emissions to 26–28% below 2005 levels by 2030 [89]. The minimum
reduction target for EU countries is 35% [91]. Due to having no specific targets regarding the future
reduction in the use of fossil fuels in WA [90], the threshold values of this TBL indicator for alternative
fuels were obtained from other developed countries that experience similar socio-economic situations,
for example, EU countries and the USA, as shown in Table 4. The median value of fossil fuel reduction
associated with the use of ethanol, electric vehicles, and hydrogen in passenger cars was found to be
34%. For water consumption (WC), the median values of WC for similar regions in terms of water
stress and socio-economics, such as the nine European countries including UK, Italy, and Germany,
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and almost half of the USA (Table 4) that maintain standard practices during the production and use of
alternative fuels, were considered for ascertaining the threshold value. Similarly, for land use (LU),
alike regions in terms of land availability, such as Canada and the USA, were chosen to develop the
threshold values.

Table 4. Threshold values for TBL indicators.

Indicators Thresholds Source of Information Description

GWP Reduction ≥ 33% Climate Council, Australia [89]
Alternative fuels should reduce at

least 33% of GWP impact compared to
gasoline in Australia.

FFD Reduction ≥ 34%
Studies from regions

socio-economically similar to WA
[92–100].

At least a 34% FFD reduction is
required to meet the criteria compared

to base case gasoline.

WC ≤1.48 × 10−3 m3/VKT
Studies from similar regions to

WA in terms of water stress and
socio-economics [96,101–103].

Water consumption of alternative fuel
cannot exceed 1.48 × 10−3 m3/VKT

LU ≤1.73 × 10−6 ha.a/VKT

Studies from similar regions to
WA in terms of land availability

and socio-economics
[2,95–97,100,104].

Land use of alternative fuels should
be less than or equal to 1.73 × 10−6

ha.a/VKT

local job
creation ≥1.09 × 10−3 man-hours/km O’Connell et al. [34] The total job creation has to be ≥1.09

× 10−3 man-hours/km.

CFF ≥1.00 × 100 MJ/VKT
Median value of studies from

regions socio-economically similar
to WA [92–100].

Alternative fuels in WA should
conserve equal to or more than 1.00 ×

100 MJ/VKT of fossil fuel.

OHAS 5 (100% agreement from the
respondents)

Based on the methodology of
Hoque et al. [5]

Acceptance levels were measured
based on a 5-point Likert scale where
5 is the required level of acceptance.

HHVEE

alternative fuel vehicle’s
emission < gasoline vehicle’s

emission
Based on O’Connell et al. [34]

One of the reasons for choosing
alternative fuel is to reduce tail pipe
emissions, which should be lower

than the existing option (gasoline in
this instance).

LCC ≤8.13 × 10−2 AUD/VKT
Based on the cost of local gasoline

use [34]

The cost of alternative fuel should be
compared with the existing option

(gasoline in this study) to determine
its financial viability.

CRC ≥3.30 × 10−3 AUD/km
Based on Climate Council,

Australia [89] and 40 AUD/tonne
carbon price [86].

With the CRC of 40 AUD/tonne, the
credit should be at least 3.30 × 10−3

AUD/km based on the Climate
Council of Australia.

Net benefit

Cost of using gasoline per
VKT

- Cost of using alternative
fuel per VKT ≥ 0

O’Connell et al. [34]

The cost of alternative fuel should be
compared with the existing option

(gasoline in this study) to determine
its financial viability.

The indicator OHAS met the sustainability criteria when all the respondents scored 5 (i.e.,
100%) [5,31]. Based on 40 AUD/tonne of GHG emission as the cost and a 33% GHG emission reduction
target for Australia [89], a carbon reduction credit (CRC) of 3.30 × 10−3 AUD/km was selected as
the minimum criterion for the alternative fuels to be sustainable. Job creation should increase due
to the implementation of alternative fuels in a region [64]. The threshold value for job creation (job
creation ≥1.07 × 10−3 man-hours/km) was considered for this study based on a study by O’Connell et
al. [34]. As vehicle assembly was considered to happen locally in WA, job creation potential through
fuel life cycle and vehicle assembly was added to determine the threshold value. The cost of using
gasoline (AUD/VKT) in WA was used as the threshold for the LCC of alternative fuels [34,105–109].
Similarly, the difference between the costs of using gasoline and alternative fuel per VKT was used as
the threshold for the net benefit indicator, as shown in Table 4.
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3. Interpretation of Base Case Results

The base case results of the environmental and social life cycle assessments and the life cycle
costing analysis are discussed in the forthcoming sections. In addition, a comparison of results with
the threshold values has also been made to realize the sustainability performance.

3.1. Environmental Life Cycle Assessment

The environmental life cycle assessment method as recommended in the International Organization
for Standardization (ISO) 14040-44 [110,111] standard was used to determine the environmental
indicators for the study. Australian indicators set allowed us to calculate all environmental indicators
except for FFD. Besides, the CML method was used to calculate the FFD [13].

Table 5 shows the base case environmental results and the performance of different fuels based on
threshold values. Hydrogen did not meet the environmental target mainly due to its high electricity
requirements during the production stage (54 kWh/kg H2) [2]. E65 met the criteria in regard to GWP,
FFD, and WC indicators because of its low resource requirements to grow ethanol feedstocks, especially
cereal straw (53% contribution in the blend), which was a by-product of cereal production. E65, however,
did not meet the land use criterion due to its land requirements to grow ethanol feedstocks. The
farming of ethanol feedstocks (all three feedstocks in this study) in WA is rainfed, which reduces a large
amount of the irrigation requirements compared to EU nations and the USA [2,112]. Besides, around
60% of electricity in WA was produced from natural gas and renewable sources [2], which require
less water than nuclear plants predominantly used in EU nations and coal-based electricity used in
Victoria and New South Wales [113]. EV and PHEV also met the criterion for WC because of their
low requirements for water to generate electricity in WA. EV failed to meet the GWP threshold (i.e.,
29% lower than gasoline, as it needs to reduce a further 4% to meet the criterion). The electricity that
was used for EV charging was the main hotspot (1.21 × 10−1 kg CO2/VKT) as it contributes 67% of
the total GWP. The reason for PHEV having a higher impact than EV in the GWP and FFD indicators
was the phased use of gasoline (i.e., PHEV used 50% electricity and 50% gasoline in WA [2]) as local
electricity was found to use cleaner fuel than gasoline. As a result, PHEV failed to meet the GWP and
FFD criteria. The combustion of gasoline (44%) and the use of electricity (31%) during the vehicle use
stage were the main hotspots for the GHG emission. The usage phase, which consumes fuel (gasoline:
49% and electricity: 31%), was also the main reason for higher FFD emissions for PHEV.

Table 5. Environmental performances of different alternative fuel options.

Indicators Options Results Remarks

GWP

Hydrogen 5.57 × 10−1 CO2/VKT 120.00% higher than gasoline; fails to meet the criterion
E65 1.49 × 10−1 CO2/VKT 41.03% lower than gasoline; meets the criterion
EV 1.80 × 10−1 CO2/VKT 28.92% lower than gasoline; fails to meet the criterion

PHEV 2.17 × 10−1 CO2/VKT 14.10% lower than gasoline fails to meet the criterion

FFD

Hydrogen 5.34 MJ/VKT 83% higher than gasoline; fails to meet the criterion
E65 1.74 MJ/VKT 40% lower than gasoline; meets the criterion
EV 1.77 MJ/VKT 39.40% lower than gasoline; meets the criterion

PHEV 2 MJ/VKT 31.36% lower than gasoline, fails to meet the criterion

WC

Hydrogen 1.49 × 10−3 m3/VKT Fails to meet the criterion
E65 1.12 × 10−3 m3/VKT meets the criterion
EV 4.89 × 10−4 m3/VKT meets the criterion

PHEV 5.35 × 10−4 m3/VKT meets the criterion

LU

Hydrogen 2.83 × 10−6 ha.a/VKT Fails to meet the criterion
E65 5.72 × 10−6 ha.a/VKT Fails to meet the criterion
EV 1.07 × 10−6 ha.a/VKT meets the criterion

PHEV 6.23 × 10−7 ha.a/VKT meets the criterion
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3.2. Social Life Cycle Assessment

Social performances of alternative fuels are shown in Table 6. Ethanol was found to be the
best-performing fuel with regards to job creation due to having labour-intensive upstream activities
including farming, feedstock processing, and ethanol production. Figure 2 shows that around 60%
of the jobs could be created (1.35 × 10−3 man-hours/L ethanol) during the conversion of feedstocks to
ethanol and the remaining 40% were created from establishment (1.26 × 10−4 man-hours/L ethanol),
harvest (4.49 × 10−4 man-hours/L ethanol), post-harvest management (4.46 × 10−5 man-hours/L ethanol),
wood transportation to the plant (2.32 × 10−4 man-hours/L ethanol), and ethanol transportation to the
blending station (5.39 × 10−5 man-hours/L ethanol). Job creation potential for E65 in this study (1.13 ×
10−3 man-hours/VKT) is, however, 4.2% lower than hydrogen due to the 65% replacement of imported
gasoline in WA. Generating the electricity that is required for hydrogen production and storage (1.04 ×
10−4 man-hours/VKT) and the hydrogen production plant (4.48 × 10−5 man-hours/VKT) were the two
main job creation avenues for hydrogen fuel. Additionally, 1.15 × 10−7 job man-hours can be created
from the water desalination that is required to supply water to the hydrogen production plant. Moreover,
1.042 × 10−3 man-hours working opportunity per VKT can also be created locally by the vehicle assembly
plant for all fuel options. EV failed to meet the criterion in terms of job creation by a small margin due
to less labour-intensive electricity for charging. The PHEV also failed to meet the criterion for local job
creation mainly due to the use of imported gasoline replacing 50% of the locally generated electricity.

Table 6. Social performances of different alternative fuel options.

Indicators Options Results Remarks

local job
creation

Hydrogen 1.19 × 10−3 man-hours/VKT Meets the criterion

E65 1.13 × 10−3 man-hours/VKT Meets the criterion

EV 1.07 × 10−3 man-hours/VKT Fails to meet the criterion

PHEV 1.06 × 10−3 man-hours/VKT Fails to meet the criterion

CFF

Hydrogen −2.43 × 100 MJ/VKT Fails to meet the criterion

E65 1.17 × 100 MJ/VKT Meets the criterion

EV 1.15 × 100 MJ/VKT Meets the criterion

PHEV 9.1 × 10−1 MJ/VKT Fails to meet the criterion

OHAS

Hydrogen 5 Meets the criterion

E65 5 Meets the criterion

EV 5 Meets the criterion

PHEV 5 Meets the criterion

HHVEE

Hydrogen There is no tail pipe CO, PM,
or NOx emission Meets the criterion

E65

CO ≈ 1.77 × 10−1 gm/VKT Lower than gasoline (2.75 × 10−1 gm/VKT);
meets the criterion

NOx ≈ 3.57 × 10−3 gm/VKT Higher than gasoline (2.00 × 10−3 gm/VKT);
fails to meet the criterion

PM ≈ 6.58 × 10−4 gm/VKT Lower than gasoline (1.85 × 10−3 gm/VKT);
meets the criterion

EV There is no tail pipe CO, PM,
or NOx emission Meets the criterion

PHEV
At least a 50% reduction * of tail

pipe CO, PM, and NOx emissions
compared with gasoline

Meets the criterion

Meets the criterion

Meets the criterion

* Electricity is used during 50% of the travel time. The fuel consumption of PHEV (0.04 L/km) is also lower than
gasoline (0.06 L/km) during battery sustaining mode. Therefore, CO, PM, and NOx reduction could be at least 50%
compared with gasoline.
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All the fuel options were found to meet the OHAS threshold. In total, 112 responses in terms
of OHAS were collected from the stakeholders of the supply chains for the four alternative fuels
(i.e., 28 responses for each fuel). All the respondents for E65 provided 100% satisfaction (i.e., 5) and
explained that the farming and conversion of feedstock to ethanol were safer than the production of
gasoline. In the United States, for example, the worker fatality rate in oil and gas industries (2007
to 2016) was six times higher than the industry average [114]. Contact with equipment, exposure
to harmful environments such as silica, fires and explosions, and falls from elevated areas are some
of the possible fatal events reported in the oil and gas industry, though significant improvements
have already been achieved in many areas [114]. Like E65, EV also met the OHAS threshold. For the
usage stage of the EV life cycle, two of the respondents recommended improvements in the battery
cooling system to improve the battery performance during hot summer days, enabling the prevention
of quicker degradation of the battery, but they still provided the required safety score. Research has
shown that there are some concerns about the safety of EV batteries from fire due to some recent
EV fire events, although it is unclear if the fire susceptibility of the vehicle is due to the EV battery
issues [115,116]. The results from the EU Everyday Safety Project (EVERSAFE) revealed that the safety
of EV was quite high and almost close to the levels of conventional vehicles [117]. EV manufacturers,
however, have acknowledged the issue and have significantly improved the battery safety through
the revision of charging, battery management systems (BMSs), thermal management, and mechanical
crash protection [117]. Additionally, “cut loop” systems that deactivate all the high-voltage connections
during emergencies have also been incorporated into EVs [115]. More development pertaining
to battery safety (e.g., non-flammable electrolytes, better thermal management, innovative BMSs,
integrated fire extinguishing capability, etc.) is also being researched for the next generation of
batteries [115–117].
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Figure 2. Job creation for 1 L ethanol supply to terminal gate from mallee.

There is some fear regarding the safety of hydrogen vehicles across Australia. Hydrogen is a
highly inflammable gas that is stored in a high-pressure tank inside the vehicle [118]. This safety fear
is mainly due to people’s unfamiliarity with hydrogen fuel, unlike gasoline [119]. Hydrogen has been
used for oil refining and fertilizer production for many decades with an exemplary safety record [119].
All the respondents for hydrogen fuel were 100% satisfied with the safety procedures. Furthermore,
there are examples showing that hydrogen is already suitably implemented as a transport fuel in
several countries with the execution of safety protocols [120]. There are already millions of hydrogen
vehicles on the roads in the USA, Japan, South Korea, and China [120]. WA’s local governments are
liaising with the federal government and the countries with hydrogen experiences to devise safety
protocols for hydrogen production and use [81]. Sørensen [67] found that the occupational health
and safety scores with respect to death, severe injury, and stress/inconvenience during driving were
the same for both HFCVs and gasoline vehicles. Government campaigns, demonstration projects,
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promotional activities, and training are required to increase awareness among the community [118,119].
Three hydrogen buses were included in the WA public transport service trial during the years 2004 to
2007. There were no health and safety issues reported during this trial. People were familiarized with
hydrogen, and public acceptance of hydrogen use was increased after the trial [121]. Conservation of
fossil fuels, on the other hand, was found to be negative for hydrogen fuel (−2.42 MJ/VKT) due to the
large amount of energy required during its production stage. Similarly, PHEV also failed to meet the
criteria for conservation of fossil fuel, amounting to 0.9 MJ/VKT, due to the use of gasoline during 50%
of the travel time as mentioned earlier.

There are no tailpipe CO, PM, or NOx emissions from EV and HFCV, which fulfils the social
sustainability objective of HHVEE. PHEV also met the threshold in regard to HHVEE by reducing
the gasoline consumption through the use of electricity during 50% (base case scenario) of its travel
time. Different results related to emissions from ethanol-blended gasoline were found in the literature,
which was mainly due to differences in the test procedures, vehicle models, and engine parameters.
Secondly, most of these studies did not investigate the complete fuel range from E0 to E85. Due to
these reasons, the data used in this study were taken from a recent investigation conducted by Jin et
al. (2017) [122] for a passenger car, which took into account the complete fuel range and all possible
emissions for fair comparison. Moreover, engines were also calibrated to match the different ethanol
blends from E0 to E85 during the test. The test vehicle was also comprised of a three-way catalytic
converter as an after-treatment device like existing gasoline cars on the road. NOx emissions for E65
failed to meet the criterion as NOx was found to increase compared to gasoline. Further investigations
are, however, required regarding the NOx emission, as both increasing and decreasing trends of NOx

relative to gasoline have been found in the literature when the percentage of ethanol is increased in the
gasoline-ethanol blend [122,123].

3.3. Life Cycle Costing

Life cycle costings of E65, EV, PHEV, and hydrogen and their comparisons with gasoline are
shown in Figure 3. Based on the current scenario, E65 fuel was found to be the best option (0.096
AUD/VKT) but was still 1.5 cents higher than gasoline per VKT due to the higher fuel consumption
of E65 compared to gasoline. There was no additional cost for E65 from the vehicle as the costs of
both gasoline and E65 were assumed to be similar [73]. The costs of ethanol production from wheat,
cereal straw, and mallee were around 0.71, 1.01, and 1.10 AUD/L, respectively, without the producer
profit margin. The findings of this study were similar to a previous study, which found that the
ethanol production from wheat and wood could be around 0.70 AUD/L and 1.07 AUD/L, respectively,
in Australia [61]. The fuel costs for EV and PHEV were even lower than that of gasoline mainly due
to the availability of subsidized electricity tariffs for electric vehicle (EV and PHEV) owners in WA,
as shown in Table 3. After the inclusion of additional vehicle cost, however, the LCCs of EV and PHEV
were estimated to be 0.22 and 0.18 AUD/VKT, respectively.

Hydrogen, on the other hand, was the worst-performing fuel with regards to the LCC indicator,
being around 9.5 times higher than gasoline. The base case hydrogen fuel cost for this study was
calculated as 31 AUD/kg (i.e., 0.31 AUD/VKT), compared with around 21 AUD/kg in refueling stations
in the USA [124]. This higher cost in WA was expected due to the 30% higher manufacturing cost in
Australia compared to the USA [125]. The electricity required (54 kWh/kg H2) during the production
of hydrogen was the main contributor (82%) to its cost. Other than this, around 12.4% of the cost was
from the distribution of hydrogen.

None of the fuels met the economic sustainability criteria as they failed to compete with gasoline.
The fuel option E65, however, met the criterion with regard to CRC. The low levels of fertilizers and
resources required to grow the ethanol feedstocks were the main reason for attaining a higher carbon
reduction credit for the use of E65 in WA. As shown in Table 7, all the fuel options also failed to meet
the criterion for net benefit, even after the incorporation of carbon reduction credit.
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Table 7. Performances of different alternative fuel options in terms of carbon reduction credit (CRC)
and net benefit indicators.

Indicators Options Results, AUD/VKT Remarks

CRC

Hydrogen −1.21 × 10−2 Fails to meet the criterion
E65 4.22 × 10−3 Meets the criterion
EV 2.94 × 10−3 Fails to meet the criterion

PHEV 1.43 × 10−3 Fails to meet the criterion

Net benefit

Hydrogen Without CRC −7.06 × 10−1 Fails to meet the criterion
With CRC −7.18 × 10−1 Fails to meet the criterion

E65
Without CRC −1.51 × 10−2 Fails to meet the criterion

With CRC −1.08 × 10−2 Fails to meet the criterion

EV
Without CRC −1.36 × 10−1 Fails to meet the criterion

With CRC −1.33 × 10−1 Fails to meet the criterion

PHEV
Without CRC −1.00 × 10−1 Fails to meet the criterion

With CRC −9.87 × 10−2 Fails to meet the criterion

4. Improvement Strategies

Improvement strategies related to TBL sustainability were incorporated into the framework in
such a way as to make them applicable in the near future in WA. Improvement strategies have been
suggested in the impending sections when any indicators failed to meet the required sustainability
objectives. Following the interdependencies in the framework, revised ELCA, SLCA, and LCC results
are also presented.

4.1. Environmental Strategies

Hydrogen fuel did not meet the threshold of any environmental indicators. Therefore, a “hotspot”
analysis was conducted based on the LCA results. This helped to identify and incorporate improvement
strategies to be able to achieve the required level of environmental performance. The electricity
consumption during the production of hydrogen was found to be the main environmental hotspot
during the life cycle of hydrogen. Electricity generation from clean energy sources, such as renewables,
was considered to treat the hotspot. WA has huge potential to produce most of its electricity
(90% to 100%) from wind and solar [126,127]. The Perth desalination plant in WA, for example,
uses wind-generated electricity from the 80 MW Emu Downs Wind Farm [51]. Based on WA’s future
renewable hydrogen production strategy [81], a scenario with a combination of wind and solar
energy (50% wind and 50% solar) was considered for electricity generation for hydrogen production.
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After incorporating the strategy into the framework, as shown in Table 8, all the environmental
criteria were found to be met when compared to the threshold values. The calculations related to the
improvement strategies are summarized in Section D of the Supplementary Materials.

EV failed to meet the criteria with regard to the GWP indicator, and the electricity required
for charging the battery was identified as the main hotspot. According to the renewable energy
penetration forecast, there could be around 37% renewable energy in the WA electricity mix in the
next 10 years [128]. This cleaner electricity production strategy could potentially be able to meet all
the criteria for EV. In the case of PHEV, three possible strategies, namely, E10 as a replacement for
gasoline, cleaner electricity for charging (as used for the EV), and a solar rooftop photovoltaic panel
(180 Wp) equipped with the vehicle, were considered to treat the hotspots. E10 was proposed as no
vehicle modification was required due to this fuel change [34]. The 180 Wp solar cell was proposed as
this had already been applied in the Toyota Prius Prime in Japan without causing any inconvenience
to users [129] and WA has an enormous solar radiation potential to charge EVs with integrated solar
systems [130]. The average solar irradiation in WA was considered to be 5.30 kWh/m2.day [131] to
calculate the electricity generated by photovoltaic cells. The car was assumed to be exposed to the
sun for at least for 2.5 h/day, which is realistic given the long sunshine hours (7.92 h/day) in WA [131].
The efficiency of the photovoltaic system was assumed to be 14% due to its low cost like rooftop
photovoltaic (PV) panels [132].

Table 8. Strategies to improve the environmental sustainability performance.

Options Strategies Effect on Sustainability Performance

Hydrogen Renewable electricity (wind and solar) [2,10] GWP: 69.37% < gasoline; FFD: 65.28% < gasoline
WC: 3.55 × 10−4 m3/km; LU: 1.64 × 10−7 ha.a/km

EV Cleaner electricity for charging [2] GWP: 49.86% < gasoline; FFD: 49.70% < gasoline
WC: 4.80 × 10−4 m3/km; LU: 1.07 × 10−6 ha.a/km

PHEV
Use of E10 in place of gasoline [2]
Cleaner electricity for charging [2]

180 Wp solar cells installed on the car [129]

GWP: 34.70% < gasoline; FFD: 43.57% < gasoline
WC: 5.27 × 10−4 m3/km; LU: 6.67 × 10−7 ha.a/km

Ethanol Ethanol blend E55 considered in place of E65 GWP: 34.51% < gasoline; FFD: 34.01% < gasoline
WC: 1.06 × 10−3 m3/km; LU: 1.69 × 10−6 ha.a/km

E65 failed to meet the land use criterion due to the use of large amounts of land for wheat
feedstock production. Of these feedstocks, grain contributing 10% of the blend (i.e., 10% ethanol
from wheat) is responsible for utilizing 71% of land (5.29 × 10−4 ha.a/L), while straw contributing
53% of the blend occupies only 19% of the land (2.67 × 10−5 ha.a/L). The land use for mallee-based
ethanol (3.56 × 10−4 ha.a/L) was not significant due to the small portion (2%) of ethanol in the blend.
In WA, the yield of rainfed cereal (especially wheat, which accounts for 70% of cereal production)
mainly depends on the amount of rainfall [133,134]. Research studies and investigations suggest that a
yield gap of 3 tonne/ha [133] in WA’s water-stressed wheat belt can be mitigated through different
improvement strategies, such as genetic improvement, utilization of nitrogen input as required,
application of bio-mineral fertilizer, prevention of damage to the grains from frost and heat by timely
sowing, soil surface and residue management, crop rotation, and integrated weed control [133–136].
Yield improvement with the aforementioned strategies, however, was found to be uncertain due to the
potential cost and benefit constraints in large-scale grain production [134]. The land use impact of E65
was found to be still 2 times higher than the threshold, even after the cereal yield in WA was increased
from 1.9 tonnes/ha (base case) to 4.9 tonnes/ha by overcoming the yield gap of 3 tonne/ha. The E55
blend (E2 from mallee and E53 from cereal straw), however, met all other environmental criteria. It has
been found that farmers are willing to plant more mallee trees in WA if there is a demand for it [137].
Therefore, it could be possible to produce an environmentally sustainable ethanol blend of more than
E55 in the future in WA by utilizing a mix of mallee and straw. There could be sustainability issues
from the land use impact again due to the increase of mallee in the ethanol blend. This issue, however,
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can be alleviated if marginal and under-utilized land, such as the narrow belt around the current
agricultural field, is utilized for biofuel feedstock production [104,138,139].

4.2. Social Strategies

All fuel scenarios that are found to be environmentally friendly are considered for social assessment.
Any social changes that take place due to the environmental improvement strategies are taken into
account in the following SLCA (Table 9). Job creation potential decreased by 1.12% due to the
replacement of E65 with E55. This was because of the reduction in labour-intensive ethanol in the blend.
The job creation potential for hydrogen, EV, and PHEV, however, increased by around 20%, 3%, and
4%, respectively, from the base case after incorporating the environmental strategies, such as renewable
electricity, E10 in place of gasoline, etc. The increase in net jobs with the uptake of renewable-based
electricity was similar to the findings of the Climate Council of Australia [140].

The PHEV still failed to meet the threshold value in regards to job creation potential even though
Western Australia holds substantial reserves of all the required minerals for battery production for
PHEV to further increase jobs [141]. Two world famous lithium processing companies, Tianqi and
Albemarle, are already investing in WA for lithium processing. Three lithium processing plants were
in the development phase in 2019 [141]. With its unique advantages and the growth of the EV all over
the world, the WA state government has already investigated the value chain of the battery industry
and is currently examining the opportunity more closely in conjunction with the federal government
in order to become the world leader in the sustainable battery industry [53]. Three locations, Kwinana,
Kalgoorlie, and Bunbury, had already been selected as suitable locations [141]. If the batteries were
considered to be produced locally in WA, the job creation potential for EV and PHEV was increased
to 1.19 × 10−3 man-hours/VKT and 1.10 × 10−3 man-hours/VKT, respectively. The PHEV met the
threshold value after incorporating this strategy into the framework. The increase in job creation with
this approach for hydrogen was found to be quite small (1.84 × 10−10 man-hours/VKT) due to the small
battery capacity (only 1.6 kWh) compared to EV and PHEV. The indicator CFF was also increased for
all the fuel options except E55 after incorporating the environmental strategies. The CFF was found to
decrease with E55 mainly due to the increase of gasoline in the blend compared to E65, but it still met
the sustainability criterion.

Table 9. Revised environmental and social performances of alternative fuels.

Options Social Performance after Incorporating
Environmental Strategies

Revised Results after Incorporating Social Strategies

Environmental Social

Hydrogen

local job creation: 1.43 × 10−3 man-hours/VKT
CFF: 1.90 × 100 MJ/VKT

OHAS: 5
HHVEE: Same as base case

GWP: 69.38% < gasoline
FFD: 65.30% < gasoline
WC: 3.55 × 10−4 m3/km
LU: 1.64 × 10−7 ha.a/km

local job creation: 1.43 × 10−3 man-hours/VKT
CFF:1.91 × 100 MJ/VKT

OHAS: 5
HHVEE: Same as base case

EV

local job creation: 1.10 × 10−3 man-hours/VKT
CFF: 1.45 × 100 MJ/VKT

OHAS: 5
HHVEE: Same as base case

GWP: 50.10% < gasoline
FFD: 50.04% < gasoline
WC: 4.78 × 10−4 m3/km
LU: 1.07 × 10−6 ha.a/km

local job creation: 1.19 × 10−3 man-hours/VKT
CFF: 1.46 × 100 MJ/VKT

OHAS: 5
HHVEE: Same as base case

PHEV

local job creation: 1.07 × 10−3 man-hours/VKT
CFF: 1.31 × 100 MJ/VKT

OHAS: 5
HHVEE: Further reduction * of tail pipe emission.

Minimum reduction could be around 56.6%
compared to gasoline.

GWP: 34.78% < gasoline
FFD: 43.68% < gasoline
WC: 5.26 × 10−4 m3/km
LU: 6.67 × 10-7 ha.a/km

local job creation: 1.10 × 10−3 man-hours/VKT
CFF: 1.31 × 100 MJ/VKT

OHAS: 5
HHVEE: Social strategies have no effect on

exhaust emission.

Ethanol
(E55)

local job creation: 1.11 × 10−3 man-hours/VKT
CFF: 1.00 × 100 MJ/VKT

OHAS: 5
HHVEE: CO ≈ 1.92 × 10−1 gm/VKT; PM ≈ 8.18 ×
10−4 gm/VKT; NOx emission (3.86 × 10−3 gm/km)
still fails to meet the criterion due to the higher

value compared to gasoline per km.

GWP: 35.61% < gasoline
FFD: 34% < gasoline

WC: 1.07 × 10−3 m3/km
LU: 1.72 × 10-6 ha.a/km

local job creation: 1.11 × 10−3 man-hours/VKT
CFF: 1.00 × 100 MJ/VKT

OHAS: 5
HHVEE: To make this criterion sustainable,

further engine calibration and/or
after-treatment devices are required for the

consistent reduction of NOx compared
to gasoline.

* Electricity was used during 56.6% of the travel time after implementing the strategies (it was 50% in the base case).
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The incorporated environmental strategies were not found to affect the OHAS consensus.
Respondents in the electricity generating stage, for example, were consulted again regarding cleaner
electricity production (environmental strategy for EV, PHEV, and hydrogen) in WA to further improve
the OHAS. The respondents indicated that the OHAS would slightly increase from the base case due
to the replacement of fossil fuel-based electricity. The reason for this was the reduction of the upstream
fuel extraction phase (i.e., mining of coal/oil/gas). Furthermore, renewable electricity production
through wind and solar reduces the risk of accidents and hazardous environments compared to thermal
power plants. Similarly, OHAS for E55 also remained the same as E65 because both of these fuel options
required the same supply chain during the production and use stages (i.e., using the same vehicle).

The fuel option E55 also did not meet the NOx emission reduction target. Other studies suggest
that the NOx emission could increase or decrease with higher ethanol blends [122,123,142–145]. It can
reduce by up to 30% or increase by 93% due to the replacement of gasoline with E55 [122,123,142,143].
This is mainly due to the inter-vehicle variability and test procedures [123,146]. These results clearly
indicate that the reduction of NOx with the higher ethanol blend is not consistent. For addressing this
sustainability issue, the following strategies have been recommended [122,143]:

• Sophisticated engine calibration: Previous studies explain that the higher ethanol blends lean out
the air-fuel mixture, which results in an increase in NOx emission [143]. Thus, the engine control
module of the vehicle needs to be able to adjust the air–fuel ratio with the amount of ethanol
content in the blend [143].

• After-treatment devices: The use of exhaust gas recirculation (EGR) as an after-treatment device
can also help to meet the vehicle exhaust emission standard [147,148]. It has been found that
clean and cooled EGR in the gasoline engine with the aid of gasoline particulate filters (GPFs)
could reduce HC, CO, NOx, and PM without compromising fuel economy [148]. The cooled clean
EGR technique decreases knocking, which enables a higher compression ratio for fuel economy
although some engine power is required for cooling [148].

The social strategy regarding the local production of batteries for job creation potential also changes
the environmental performances and social indicators, such as CFF, due to the interdependencies
of these sustainability objectives. These relative changes, however, do not affect the sustainability
decision-making process as further environmental burdens could be reduced due to avoidance of
the transport of batteries from overseas. The potential reductions in transportation in terms of
tonne-kilometres (tkm) for EV, PHEV, and hydrogen were 2.76 × 10−2 tkm/VKT, 8.75 × 10−3 tkm/VKT,
and 1.67 × 10−3 tkm/VKT, respectively, for this strategy. The revised environmental and social
performances are shown in Table 9. No further environmental changes are considered for the minor
change in engine calibration for E55 fuel due to its minimal effect on life cycle emissions. A slight
increase in fuel consumption (around 2%) was, however, considered based on a study by Wei et al. [147]
due to the after-treatment techniques to control NOx. After incorporating this into the framework,
the fuel option E55 failed to meet the FFD and CFF indicators. Based on the hotspots in ethanol
production, one more additional strategy was considered through the use of renewable electricity for
enzyme production [2] in order to satisfy all the social sustainability criteria.

4.3. Economic Strategies

The costs associated with environmentally and socially sustainable scenarios (Table 9) are
incorporated into the framework. The recalculated cost for E55 (0.102 AUD/VKT) was around 2.1 cents
higher than the threshold (0.081 AUD/km). The cost increased slightly after switching to E55 due to the
replacement of cheap wheat-based ethanol with costly lignocellulosic ethanol in the blend. Plant cost
was identified as one of the economic hotspots during ethanol production. The fuel option E55 met the
threshold value in regard to all economic indicators after incorporating the following three strategies:

• Long-term soft loan for the capital cost at the rate of 3% interest rate over the project life;
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• Renewable energy projects received capital subsidy in Australia [80]. It has been proposed that
10% of the capital cost (around AUD 19.5 M) of the ethanol project would be funded by the
government grant [149];

• Removal of excise rate on ethanol [80] and GST on E55, which would reduce 10% of the fuel cost
for the end consumer [150].

The economic hotspot for hydrogen fuel was due to the large amount of electricity consumption
during its production. Oxygen that was produced from the hydrogen plant as a by-product was
utilized as an economic improvement strategy to increase the revenue. This O2 can be used locally in
aquaculture, waste treatment plants, and industrial furnaces [71,151]. Around 5% of the hydrogen
production plant cost was eliminated with this strategy [151,152]. Solar and wind-based electricity
was used as an improvement strategy, as shown in Section 4.1, to satisfy the environmental criteria.
As indicated in a study by Bruce et al. [71], wind and solar-based low-carbon renewable electricity for
hydrogen production plants could be possible in Australia, as shown in Table 10.

Table 10. Possible low-cost renewable electricity for hydrogen production plants in Australia.

Options Description Expected cost [71]

1

Hydrogen plants use electricity from the network, but
low-emission electricity is still possible through power
purchase agreements (PPAs). PPAs help buyers to secure
low-priced renewable electricity from remote area power
supply systems that are usually operated by wind and solar
plants in Australia through long-term contracts [153,154].
The agreed price may vary up to a certain level based on the
spot price in the national electricity market [153].

Depending on the contract and
government support, the average
electricity price in Australia could be as
low as 6 cents/kWh for generating
electricity from renewable wind
and solar.

2 Electricity is considered to be supplied from a renewable
energy farm in the vicinity of hydrogen plants.

The estimated cost could be the same as
option 1 (i.e., 6 cents/kWh).

3
Due to the increasing trend of renewable electricity, surplus
renewable electricity from the grid will be available as
“curtailed renewable energy” in the grid.

The price is estimated to be low
(2 cents/kWh) for this curtailed
electricity due to the low demand for
this surplus electricity.

For the continuous production of hydrogen, option 1 from Table 10 was considered for this study
due to its high capacity factor. Additionally, the hydrogen plant can gain competitive advantages
by using option 3 when it is available. With a 10% capital subsidy, a soft loan scheme of 3% over
the life of the project, as well as the removal of GST and the utilization of the by-product oxygen,
it was shown that the hydrogen fuel cost was similar to gasoline per VKT, provided that the hydrogen
production plant received electricity at the rate of 8.3 cents/kWh. This assumption of electricity cost
was also consistent with the latest wholesale electricity spot price in the Australian national electricity
market [155]. The estimated costs after the implementation of each strategy are provided in Section
D of the Supplementary Materials. The strategy related to utilization of oxygen during hydrogen
production as a by-product had interdependencies with environmental and social sustainability in the
framework. This small amount of change, however, did not influence the ELCA and SLCA indicators
significantly. For example, less than 1% reduction was observed for the overall life cycle environmental
emission. The electricity cost at the domestic user level was assumed to be the same, even after the
penetration of 37% renewables into the grid as the base case [156,157]. Thus, the fuel cost of the EV
remained the same as the base case. After incorporating the environmental and social strategies,
the fuel cost of the PHEV was, however, decreased from 0.043 AUD/VKT to 0.040 AUD/VKT due to the
reduction of gasoline use per km.

The EV, PHEV, and HFCV, however, did not meet any of the economic criteria due to their high
vehicle cost. To meet all the economic criteria for EV, PHEV, and HFCV, around 13.58, 9.67, and 48.05
cents/VKT of financial subsidies are still required. The subsidies are essential for a few years at the
initial stages to enable market penetration [158,159]. For example, Norway was the first country that
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introduced incentives on electric and hybrid electric vehicle acquisition back in the 1990s, and the
country is currently the world leader based on market share of EV sales [160]. Germany, Sweden,
France, China, and the USA are also among the most EV-using countries. The initial subsidies on EVs
provided by these countries were between AUD 5000 and AUD 16,000 in 2019 [161]. The following
strategies in WA are expected to ease the penetration of EV and PHEV:

• The removal of GST on vehicle purchases would provide savings of around AUD 4000 on EV and
AUD 3575 on PHEV.

• A fifty percent subsidy on vehicle registration can generate around AUD 4000 benefit over
the life of the vehicle. This subsidy comprises the license fee, recording fee, insurance duty,
and GST but will not include insurance because injury cover is required for driver and passenger
wellbeing [162].

• Currently, there is no import duty on passenger vehicles in Australia from some countries,
including Japan and the USA, under the free trade agreement. Inclusion of an import duty of
around 10% on gasoline vehicles can reduce the difference in cost between gasoline and alternative
fuel vehicles to AUD 1000.

• The remaining amount of around AUD 4200 for EV and AUD 1100 for PHEV can be covered
either by direct subsidy and/or tax benefits for the EV owner.

• Some in-kind benefits, such as access to bus lanes, priority parking in shopping centres,
and reserved public parking locations, may popularize EVs and PHEVs in WA [163–165].

Hydrogen, on the other hand, was the more environmentally friendly transport fuel compared
with electricity when hydrogen was produced by renewable electricity. After incorporating all the
economic strategies, the hydrogen fuel cost was found to be similar to that of gasoline as well. Hydrogen
as a transport fuel, however, may not be sustainable at this stage in WA due to the high vehicle cost.
Supply chain improvement, mass production, and further research could bring the cost of HFCV close
to gasoline in 2030 [71]. During the breakdown of cost, it appeared that just two components of HFCV
(fuel cell and hydrogen tank) contribute around 70% of the cost of the vehicle [26]. More research and
development on HFCV are required to reduce the cost of these two components. Constructing hydrogen
infrastructures is another barrier to hydrogen-based transportation, which the WA government needs
to build from scratch unlike EV infrastructures. To kick start hydrogen transportation in WA, hydrogen
vehicles could be included in the government fleets and governments need to start establishing
infrastructures, such as hydrogen refueling stations.

4.4. Summary Results of the LCSA Framework for Western Australian Transport Fuel

The LCSA framework has been used successfully to assess alternative transport fuels for Western
Australia. The framework includes fuel selection; indicator selection according to local needs;
data collection; ELCA, LCC, and SLCA assessments; determination of threshold values for sustainability
decisions; and cleaner production strategies to achieve TBL sustainability. The framework enables
an investigation into the base case sustainability implications of potential fuel options for the state
and finding suitable strategies to meet the sustainability objectives. The framework reveals that
three options, namely, ethanol-gasoline blend E55, EV, and PHEV, would be sustainable in WA
with the recommended cleaner production strategies and financial assistance, as shown in Table 11.
Hydrogen fuel showed better environmental and social performance when hydrogen was produced
from renewable energy. The hydrogen fuel option, however, was found to be unsustainable due to the
high cost of HFCV.
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Table 11. Final outcome of Hoque et al.’s framework for transport fuel in Western Australia (WA).

Options
Base Case

Sustainability Issues Sustainability Improvement Strategies
Implications of Improvement Strategies Final Status of

SustainabilityEnvironmental Social Economic

Hydrogen +

Fails to meet all
environmental, one
social (CFF), and all
economic indicators.

• Renewable electricity (solar and wind)
for hydrogen production

• Utilization of oxygen by-product from
hydrogen production plant

• Soft loan for the plant capital cost (3%
interest rate over the life of the project)

• Electricity for the hydrogen production
plant at the rate of 8.3 cents/kWh
through PPA

• Removal of GST on hydrogen purchase
for the public user

• No economic strategies were considered
for HFCV due to its high cost

Meets all the criteria
GWP: 69.38% < gasoline
FFD: 65.30% < gasoline
WC: 3.55 × 10−4 m3/km
LU: 1.64 × 10−7 ha.a/km.

Meets all the criteria
local job creation: 1.43 × 10−3

man-hours/VKT
CFF: 1.91 × 100 MJ/VKT

OHAS: 5
HHVEE: No tail pipe CO, PM, or

NOx emission

Fails to meet LCC and net
benefit criteria

LCC: 5.62 × 10−1 AUD/VKT
CRC: 7.02 × 10−3 AUD/VKT
Net benefit without CRC:
-4.80 × 10−1 AUD/VKT
Net benefit with CRC:
−4.73 × 10−1 AUD/VKT

Economic
sustainability was not
achieved due to the
high cost of HFCV.

EV

Fails to meet one
environmental

(GWP), one social
(local job creation
criteria), and all

economic indicators.

• Cleaner electricity (grid with 37%
renewable electricity) for charging EV

• The removal of GST on EV purchase
• 50% subsidy on EV registration
• Inclusion of import duty on

gasoline vehicle
• Around 4200 AUD of direct subsidy

and/or tax benefits for EV owner

Meets all the criteria
GWP: 50.10% < gasoline
FFD: 50.04% < gasoline
WC: 4.78 × 10−4 m3/km
LU: 1.07 × 10−6 ha.a/km

Meets all the criteria
local job creation: 1.19 × 10−3

man-hours/VKT
CFF: 1.46 MJ/VKT

OHAS: 5
HHVEE: No tail pipe CO, PM, or

NOx emission

Meets all the criteria
LCC: 8.13 × 10−2 AUD/VKT
CRC: 5.07 × 10−3 AUD/VKT
Net benefit without CRC:

0.00 × 100 AUD/VKT
Net benefit with CRC: 5.07
× 10−3 AUD/VKT

All three dimensions
of sustainability were

achieved.

PHEV

Fails to meet two
environmental (GWP
and FFD), two social

(local job creation and
CFF), and all

economic indicators.

• Use of E10 in place of gasoline
• Cleaner electricity for charging as

with EV
• 180 Wp solar PV panel attached on the

vehicle to reduce use of liquid fuel
• Local production of battery in WA
• The removal of GST on PHEV purchase
• 50% subsidy on PHEV registration
• Inclusion of import duty on

gasoline vehicle
• Around 1100 AUD direct subsidy and/or

tax benefits for PHEV owner

Meets all the criteria
GWP: 34.78% < gasoline
FFD: 43.68% < gasoline
WC: 5.26 × 10−4 m3/km
LU: 6.67 × 10−7 ha.a/km

Meets all the criteria
local job creation: 1.10 × 10−3

man-hours/VKT
CFF: 1.31 × 100 MJ/VKT

OHAS: 5
HHVEE: Vehicle exhaust

emission (CO, PM, and NOx)
lower than gasoline. Vehicle runs
on electricity during 56.6% of its
travel time after implementing

the strategies.

Meets all the criteria
LCC: 8.13 × 10−2 AUD/VKT
CRC: 3.52 × 10−3 AUD/VKT
Net benefit without CCR:

0.00 × 100 AUD/VKT
Net benefit with CCR: 3.52
× 10−3 AUD/VKT

All three dimensions
of sustainability were

achieved.
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Table 11. Cont.

Options
Base Case

Sustainability Issues Sustainability Improvement Strategies
Implications of Improvement Strategies Final Status of

SustainabilityEnvironmental Social Economic

E65 *

Fails to meet one
environmental (land

use), one social
(HHVE: NOx

emission for E65 was
found to be higher
than gasoline), and
two economic (LCC

and net benefit)
indicators.

• E55 to be considered in place of E65 by
excluding land-intensive
wheat-based ethanol

• Renewable electricity for
enzyme production

• Engine control strategy and
after-treatment device to reduce the NOx
emission compared to gasoline

• Soft loan (3% interest rate) for the capital
cost over the period of project life

• 10% subsidy on plant capital cost
• Removal of excise duty on ethanol
• Removal of GST on E65 for the user

Meets all the criteria
GWP: 35.61% < gasoline
FFD: 34.00% < gasoline
WC: 1.07 × 10−3 m3/km
LU: 1.72 × 10-6 ha.a/km

Meets all the criteria
local job creation: 1.11 × 10−3

man-hours/VKT
CFF: 1.00 × 100 MJ/VKT

OHAS: 5
HHVEE: Tail pipe CO and PM

emissions are lower than
gasoline. Consistent NOx

emission reduction compared to
gasoline is also possible with
engine control strategies and

after-treatment devices.

Meets all the criteria
LCC: 8.13 × 10−2 AUD/VKT
CRC: 3.61 × 10−3 AUD/VKT
Net benefit without CCR:

0.00 × 100 AUD/VKT
Net benefit with CCR: 3.61
× 10−3 AUD/VKT

E55 * meets all three
dimensions of
sustainability.

+ Hydrogen fuel meets the OHAS indicators, but a standard safety protocol for hydrogen production and use needs to be devised. Moreover, training and a promotional campaign by
the government are also required. * Considering E55 in place of E65 to meet the environmental criteria. Further investigation is required regarding tail pipe NOx emission when the
vehicle runs on E55. Consistent reduction of NOx compared to gasoline needs to be ascertained with the sophisticated engine control and after-treatment strategies as mentioned in the
improvement strategy column to meet the human health criterion.
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The suggested strategies, for example, the production of alternative fuels with environmentally
friendly cleaner alternatives, financial incentives for alternative fuel production and alternative vehicle
purchase, etc., are common and have been incorporated in such a way so that their objectives are
achievable in the near future locally in WA. For example, using renewable energy for hydrogen
production and cleaner grid electricity (i.e., with 37% renewables) for EV charging could help to meet
all the environmental and social criteria for the fuels. The implementation of these strategies is viable
in WA due to having a large amount of wind and solar energy potential [81,140]. The strategy of
local battery production is suggested for the PHEV to meet the local job creation criterion, as WA is
in a unique position for sustainable battery production [53]. The strategy of local battery production
also helps other fuel options, especially EV due to its larger battery, to generate more jobs locally in
WA. Furthermore, the financial incentives that are already in place in several countries have been
suggested for electric vehicles to make them economically competitive in relation to gasoline [161].
Similarly, economic support for biofuel production and use is also common in various countries in
the world [166]. Improvement strategies are determined in this study to materialize the basis of the
framework as this could assist policymakers to implement alternative fuels in Western Australia.
The framework is highly flexible as it allows fuel selection and accommodates scenario analysis to
address the region-specific needs and preferences.

5. Conclusions

The LCSA framework has been practically implemented successfully for alternative transport
fuels in WA. Four alternative energy sources, namely, ethanol (E65), hydrogen, electricity,
and electricity-gasoline hybrid, were selected based on the availability of local resources. The framework
reveals that none of the fuels are sustainable in the base case as all of them failed to meet the criteria for
one or more TBL indicators. Ethanol E65 was unsuccessful in meeting the land use criterion due to the
higher land requirement during the production of feedstock compared to other fuel options. EV and
PHEV failed to meet the GWP criterion by a margin of 4% and 19% when compared to the threshold
value. Both the electric vehicle options also failed to meet the job creation indicator. Except for local
job creation, human health, and OHAS, hydrogen fuel failed to meet the TBL indicators mainly due to
the consumption of a large amount of electricity during the production of hydrogen.

The framework has been successful in incorporating cleaner production strategies and
strengthening the inter-relationship between the three pillars of sustainability. Three improvement
strategies, namely, use of E10 in place of gasoline, placement of 180 Wp solar PV panels on vehicles,
and cleaner electricity for charging, were required to make the PHEV environmentally sustainable.
Similarly, renewable energy for hydrogen production and cleaner electricity for EV charging were
considered for the hydrogen and EV, respectively, to meet the sustainability thresholds in regard
to environmental indicators. The fuel option E65 failed to meet the land use criterion. Thus, E55,
which met all the environmental criteria, was proposed. After incorporating the environmental
improvement strategies, the use of hydrogen as a fuel option was found to be the best-performing fuel
in regard to the GWP. It resulted in around a 69% reduction in GWP and about a 65% reduction in the
FFD indicator when compared to gasoline due to the replacement of current fossil-based electricity with
wind and solar energy. The reductions of GHG emission for EV and PHEV were found to be around
50% and 35%, respectively, after incorporating the strategies. For PHEV, local battery production was
required to meet the job creation criterion. The strategy of local battery production was considered
due to WA’s anticipated leading role in sustainable battery production within 5 to 10 years. Research
suggests that NOx emissions from the vehicle exhaust might increase or remain similar compared to
gasoline for a higher ethanol blend (E55 in this study). It is also recommended that engine control
strategies and after-treatment devices are required to maintain a consistent NOx reduction compared
to gasoline during the use of a higher ethanol blend.

The LCC of environmentally and socially sustainable E55, EV, PHEV, and hydrogen fuels was
found to be 0.10, 0.22, 0.18, and 0.79 AUD/VKT, respectively. For economic sustainability, E55 required
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a lesser subsidy (2.1 cents/VKT) compared to other fuel options. The fuel costs of EV and PHEV were
found to be 66% and 50% lower than gasoline per VKT due to the subsidized electricity for electric
vehicles in WA. Financial aid (around AUD 4200 for EV and AUD 1100 for PHEV) along with a 50%
reduction in the alternative vehicle registration cost, the removal of GST on alternative vehicle sales,
and the enforcement of import duty on gasoline vehicles were, however, required to meet the economic
criteria for EV and PHEV due to high cost of the vehicles. Subsidies would be required for the first
few years as alternative fuels are expected to become more sustainable with the improvement of the
supply chain and mass production of alternative fuel vehicles. Hydrogen fuel is, however, considered
unsustainable for public use at this stage in WA due to the high cost of HFCV. To kick start WA’s
hydrogen economy, the WA government could consider the use of hydrogen-fuelled vehicles in its
government fleets.

Sustainable alternative fuel production, which is one of the key requirements for WA to alleviate the
fuel security problem, combat climate change, and safeguard human health, is possible in WA with the
incorporation of the recommended cleaner production strategies, government support, and initiatives.
The proposed framework has the capacity and flexibility to accommodate the sustainability assessment
needs of other regions of the world.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/12/14/5565/s1,
Section A: Fuel selection, Section B: Governing equations of indicators, Section C: Data summary for job creation
and economic indicators, Section D: Sample calculations for improvement strategies.
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Abbreviations

AUD Australian Dollar
BP British Petroleum
CFF Conservation of fossil fuel
CRC Carbon reduction credit
E2 Ethanol-blended gasoline (2% ethanol and 98% gasoline)
E55 Ethanol-blended gasoline (55% ethanol and 45% gasoline)
E65 Ethanol-blended gasoline (65% ethanol and 35% gasoline)
ELCA Environmental life cycle assessment
EU European Union
EV Electric vehicle
FFD Fossil fuel depletion
GHG Greenhouse gas
GST Goods and service tax
GV Gasoline vehicle
GWP Global warming potential
ha Hectare
HFCV Hydrogen fuel cell vehicle
HHVEE Human health based on vehicle exhaust emission
ISO International Organization for Standardization
kg Kilogram
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KIA Kwinana Industrial Area
L Litre
LCA Life cycle assessment
LCC Life cycle costing
LCSA Life cycle sustainability assessment
MJ Megajoule
ML Megalitre
Mt Megatonne
OHAS Occupational health and safety
PEM Proton exchange membrane
PHEV Plug-in hybrid electric vehicle
PJ Petajoule
PPA Power purchase agreement
SLCA Social life cycle assessment
TBL Triple bottom line
tkm Tonne-kilometre
VKT Vehicle kilometre travel
WA Western Australia
WC Water consumption
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