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Abstract: The transport sector is a significant contributor to global emissions. In Australia, it is
the third largest source of greenhouse gases and is responsible for around 17% of emissions with
passenger cars accounting for around half of all transport emissions. Governments at all levels have
identified a need for a reduction in transport carbon emissions to meet their net zero emissions
targets. This research aims to help decision makers estimate the carbon footprint of transport
networks within their jurisdictions and evaluate the impacts of emission-reduction interventions,
through development of a simulation-based low carbon mobility assessment model. The model was
developed based on a framework that integrates multiple mobility components including individual
travel preferences, traffic simulation, and an assessment interface to create a seamless tool for the
end-user. The feasibility of the assessment model was demonstrated in a case study for a local city
council in Melbourne. In one of many scenarios reported in this paper, the model showed that
maintaining current levels of emissions would require a 20% reduction in vehicle trips by 2030, and
a much larger reduction would be required to reduce the levels of greenhouse gas emissions and
achieve desired emissions reduction targets. The paper concludes with recommendations and future
directions to extend the model’s capabilities and applications.
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1. Introduction

The transport sector contributes significantly to global emissions and presents chal-
lenges to both developed and emerging economies. In Australia, for example, it is the third
largest source of emissions and is responsible for around 17% of greenhouse gases with
passenger cars accounting for approximately half of all transport emissions. Transport is
also one of the highest emissions growth factors in Australia with emissions from transport
increasing more than any other sector, by nearly 60% since 1990. The Australian Govern-
ment and various infrastructure bodies and organisations have already identified a need
for a reduction in transport carbon emissions citing Australia as one of the world’s highest
polluting countries.

This paper is a result of a research initiative that aimed to address the problem of
transport emissions by developing and evaluating a new model to help decision-makers
at local governments levels to estimate current carbon impacts of the transport networks
within the boundaries of their municipalities, and to evaluate the impacts and reductions
resulting from proposed interventions.

The model was developed based on a framework that integrates multiple components
which work together to create a seamless modelling framework for the end-user. Although
it relies on a complex traffic simulation component, it has a user-friendly and easy to
use interface that makes it appealing for use by decision makers. The key components
of the tool include a travel preference survey, a traffic simulation model, and the digital
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assessment interface. To help evaluate the model, a pilot study of the Port Phillip Council
in Melbourne was completed to demonstrate the benefits.

1.1. Transport and the Environment

The impact of transport carbon emissions (and other greenhouse gases) has been
well documented in literature over recent decades particularly the negative impact on
the environment because of excessive pollution [1,2]. The level of pollution generated in
Australia is much higher than many other nations, such as the United Kingdom [3]. This is
likely attributed to several factors including the reduced density of Australian cities and
typically much longer commutes.

Transportation activities contribute to a significant portion of the emissions released
into the atmosphere including 20% of the carbon dioxide emissions [4]. Australia has
one of the world’s highest per capita greenhouse gas emissions [5]. Infrastructure-related
emissions in Australia account for half of the country’s overall greenhouse gas emissions,
with the transport sector accounting for 17% [6]. Personal transportation is constantly
reported to be the largest emission contributor to this sector [7].

Results from the 2013–2016 Victorian Integrated Survey of Travel and Activity show
that private passenger trips comprise 74% of all trips across Victoria [8]. This high level of
private trips directly relates to a higher levels of energy consumption and carbon emissions,
with up to 98% of the energy used in transportation in Melbourne attributed to private
transport [3]. Because transportation has a significant impact on economic, social, and
environmental impacts, it is, therefore, an important factor to consider when developing
sustainable and low carbon cities [4].

1.2. Low Carbon Mobility Solutions

Low carbon mobility solutions refer to a range of interventions that have received
popular acceptance in recent years in cities around the world. These include the use of
more sustainable modes of transport, such as public transport (including trains, trams and
buses), as well as more fuel-efficient combustion engine vehicles and electric or hybrid
vehicles. Low carbon mobility solutions also include more reliance on micro-mobility
interventions, such as the use of bicycles and scooters both privately owned, as well as
those offered on leased or shared basis through leasing and rental companies which in
recent years has been facilitated significantly through the sharing economy and use of apps
and digital innovations in urban mobility.

The changing behaviours towards sustainable transport and the environment is pro-
viding new opportunities to address emissions within the transport industry. In particular,
advanced transport technologies and new business models, both established and emerging,
offer opportunities to reduce reliance on private vehicles and promote more sustainable
modes of transport. These include the use of emerging mobility solutions, such as micro-
mobility, car sharing, and ride sharing to bridge the car dependency gap. Planning also
plays a key part in the development and widespread use of these transportation solutions.
This study is well-aligned with these directions and proposes a digital assessment model
to help with planning for widespread deployment and adoption of low carbon mobility
interventions at a precinct or municipality level.

Improving the sustainability of infrastructure can simply mean finding better ways
to use them more efficiently, and technology can play an important role in realising this
objective. In transport, this entails making better use of network capacity by spreading
peak demand or moving passengers and freight to the most suitable and most energy-
efficient modes, thus saving time and reducing travel costs for all users [9].

One of the opportunities available for developing a sustainable transport network is
through better utilisation of existing assets [10]. Most vehicles, and specifically private cars,
typically spend more than 90% of the time parked, with usage restrained to the morning
and evening commute periods. Car sharing and ride sharing open up the use of this
asset. There are numerous car sharing models today ranging from the prominent car rental
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model, to the new emerging peer-to-peer marketplace model, and many hybrid models
in-between [11]. These models can be classified as business to customer models, and peer
to peer models [12].

Empirical evidence shows that car sharing has a direct impact on the reduction in
vehicle ownership, and can provide numerous environmental, societal, and transportation
benefits such as reduced congestion and carbon emissions [11,13]. Some studies have
shown that each additional car share vehicle added to a transport network replaces between
4.6 and 20 private vehicles [14] and, thus, results in less congestion and pollution.

Consistent with the benefits of car sharing, including reduced car ownership, some
government councils within Melbourne are allowing developments with a provision of
car parking below the statutory limit outlined in the Victorian Planning Scheme due to the
proximity and availability of car share and in some cases dedicated car sharing facilities
on-site [15].

Furthermore, the natural evolution of the sharing economy is the inclusion of bikes
under a similar scheme to car sharing. Bike-sharing is available in a few places around the
world, where a bike can be hired via a mobile app to allow cyclists to travel quickly around
the city [16]. Many cities around the world, including Melbourne, have witnessed a variety
of bike sharing schemes over the years trying to tackle the last mile (or first mile) problem.
The City of Melbourne and surrounding councils started with a government backed bike
and docking system [17] which was followed by a commercial dockless bike rental service,
oBike, but both services have since ceased operation. There are, currently, ongoing trials
of the Jump eBike service in collaboration with the City of Melbourne [18]. Elsewhere,
bike share and scooter share programs are becoming popular and may be displacing some
of the shorter traffic trips [19]. An increase in active transport levels is associated with
improvements in access and mobility, liveability, environment quality, road safety, and
health [20].

Another vehicle sharing scheme is carpooling which is the sharing of a trip so that
only one vehicle and one driver is required. This commonly occurs when two people need
to reach the same destination, and both start the trip nearby to each other. Ride sharing as
we know it today was developed from these principles of carpooling. Ride sharing is the
dynamic matching of supply to demand where the process occurs in real-time and is often
facilitated through the use of an app [21,22].

Aside from continuous technical advancements and fuel efficiency increases, the
introduction of new mass-produced electric vehicles has become one of the most significant
developments in the automotive industry. Electric vehicles found recent popularity and
uptake largely thanks to car manufacturers, such as Tesla and Toyota, who have been
producing electric only and electric hybrid vehicles for a number of years. As early as 1974,
Australia was considering the adoption of electric vehicles to reduce the country’s reliance
on imported fuels [23]. Although electric vehicles are generally seen as a no emission
transport option, the emissions created as a by-product for the generation of electricity also
need to also be considered [24,25]. Adopting electric vehicles for certain regions may also
see an increase in greenhouse gases depending on how the electricity is generated [26].
Furthermore, electric vehicles may not necessarily reduce congestion if the same patterns
of private vehicle ownership and low occupancy travel persist.

Overall, significant strides are being made in the transportation industry to lessen
the carbon impact of the industry as a whole. The digital revolution brought new car
ownership and service models with the advent of car sharing and ride sharing allowing for
a reduction in car ownership without losing out on the personal benefits. Some of these
transformations have been driven by policy. For example, European Commission emission
standards which require technological progress, resulted in production and sale of new
cars and trucks emitting less emissions than before. The availability of partially sustainable
fuel sources, such as Ethanol blended fuel, is also helping to reduce emissions.

Previous solutions to solving transport problems have slowly started to lose the impact
that they once commanded [27]. The simple equation of solving traffic congestion with
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additional road capacity is no longer true, nor is it sustainable or does it improve mobility
in cities [28]. New approaches are needed, and this work aims to develop the modelling
tools to help evaluate their impacts.

1.3. Low Carbon Mobility Policy Assessment Models

To successfully implement low carbon mobility initiatives and maintain momentum
and successful behavioural changes, major policy, technological, and behavioural changes
are required. To ensure the developed policies achieve the desired outcomes, policymaking
must be guided by proven science. Typically these policies target one of three key areas:
“Avoid”, “Shift”, “Improve”. The “Avoid” policies generally work at the macro level and
target initiatives to avoid or reduce the need for travel. The “Shift” policies also generally
work the macro level and focus on transitioning travel from high energy-intensive modes
of transport to lower or more efficient modes (e.g., cycling or public transport). The
“Improve” policies are aimed at technological or infrastructure improvements to improve
operations and reduce energy consumption, and are, thus, generally more suited as micro
level interventions. More recently a fourth area of policies “Share” has started to emerge.
The “Share” policies focus on overcoming barriers to promote a shift to shared modes of
travel (e.g., ride sharing or carpooling) and are good strategies for both macro and micro
level interventions [25].

Even though some policy solutions have been very successful in encouraging inno-
vation and technical advancement, the benefits achieved have ultimately been eroded
as vehicle numbers have increased and the desire for larger and heavier cars have also
increased [29]. Similarly, policies intended to improve fuel efficiency of cars can have
undesired rebound effects where they encourage more driving (because drivers perceive
travel is more economical) and, thus, the desired reduction in fossil fuel consumption is
not achieved [30].

To address these issues, carbon reduction assessment models have gained popularity
as public understanding of greenhouse gases has grown. Governments, conservation
groups, and even universities have created numerous low carbon mobility digital assess-
ment tools that allow for evaluating impacts at both the micro and macro levels [7]. These
tools vary in their level of sophistication and theoretical underpinnings which may limit
their applications and widespread adoption by different stakeholders, particularly if the
evidence-base used in their development is not verified or well-established and understood.

This paper extends previous work in this field and presents the development and eval-
uation of an advanced and transparent simulation-based low carbon mobility assessment
model, and demonstrates its feasibility using a case study for Melbourne.

2. Methodology and Research Framework

Emissions mitigation assessment models are important tools for communicating
carbon impacts [31] and can result in a range of impacts from behavioural changes (with
personal calculators) through to evidence base to support policy changes [32]. These
models have witnessed a surge in popularity in the transport sector over the past decade
as a result of increased public awareness of transport emissions [7]. Although the results of
these models are vastly different between each other, they help individual users to monitor
and reduce their carbon impacts [33]. These models also have different areas of focus such
as personal, household, or business carbon footprints, while others focus on more specific
transport aspects, such as freight or heavy vehicle transport. Some of the transport focused
models that were reviewed before embarking on this study included the Share Benefits
Mobility Calculator [34], Green Star Sustainable Transport Calculator [35], Trip Reduction
Impacts of Mobility Management Strategies (TRIMMS) [36], and Walk Score [37]. Some
of these tools provide qualitative results and are only suitable for comparison with other
projects that have also been assessed with the same tool.

To improve the level of accuracy and consistency of a carbon footprint models, the
data and methodology should be based on evidence and on results obtained from scholarly
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literature [7]. Furthermore, these tools typically rely on static datasets. Some studies have
also developed frameworks that integrate multiple dynamic models to produce more
accurate results than the static framework counterparts [38].

Whilst most existing carbon and emissions estimation models are based on static
datasets, research has shown that frameworks that integrate multiple dynamic models
together yield more accurate results [38]. This study investigates a new digital assess-
ment tool that can respond to changes in the transport environment dynamically. This
framework incorporates a dynamic traffic simulation model to improve the accuracy of
the results [39–44]. Whilst the core components are well-established and tested, the overall
framework links together complex models to improve the accuracy and quality of results.

The digital assessment framework (Figure 1) comprises three key modules: A travel
preference survey, a traffic simulation model, and an assessment calculator. These three
modules integrate with each other to provide an adjusted travel mode composition of
the study area being assessed, and the carbon impacts following the reduction in private
vehicle trips.
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Figure 1. Simplified Framework of Digital Assessment Tool.

2.1. Study Area

The study area selected for this research was the Port Philip City Council in the inner
part of Metropolitan Melbourne (Figure 2). A total of 1.2 million trips are generated from
and attracted to Port Phillip Council every day. The majority of these trips are internal to
the council, with 68% of the trips remaining within the council boundaries. The remainder
of the trips are external trips with the most prominent movement being to or from the
City of Melbourne (9.2% of all trips). An investigation into the existing mode share for
Port Phillip Council showed a dominant mode of private vehicle accounting for 57.6% of
all trips. This council study area provided a valuable opportunity for a case study to be
conducted to demonstrate the benefits of the low carbon mobility digital assessment model
where even a small increase in low carbon trips would displace a large portion of private
cars from the road and result in a sizeable decrease in carbon emissions in the study area.



Future Transp. 2021, 1 139

Future Transp. 2021, 1, FOR PEER REVIEW  6 
 

 

private cars from the road and result in a sizeable decrease in carbon emissions in the 
study area. 

2.2. Traffic Redistribution: Travel Preference Survey 
To ensure high-quality results, a robust travel preferences survey was completed for 

the study area under consideration. This research started with a considerable review of 
available relevant data. In recent times, Australia has been conducting a compulsory 
national census every five years that achieves a completion rate of 95% but that includes 
limited information about travel habits [45,46]. Detailed travel studies in comparison may 
only contain up to 5000 results, or only 0.02% of a population. The review also found that 
detailed travel studies are conducted at the state level as part of the planning for 
infrastructure and public transport developments. In Melbourne, the Victorian 
Government completes travel surveys sporadically with the most recent study being a 
four-year study collecting results from 4000 households each year [8]. The data collection 
methods vary between survey types with different studies adopting different approaches. 
Transport for NSW [47] completes face-to-face interviews to collect results whilst Statistics 
Netherlands, for example, initially completes face-to-face interviews to collect data but 
over the years have transitioned between various methods to try to capture the most 
amount of data [48]. The Victorian Department of Transport’s [8] approach was to provide 
self-completion paper-based or online-based travel diaries, however these were found to 
have a low completion rate and follow up phone calls where completed to prompt a 
higher response rate [49,50]. 

 
Figure 2. Schematic of Study Area—Port Philip City Council in Melbourne (Inset: Study area comparison to Melbourne 
and surrounding councils). 

Figure 2. Schematic of Study Area—Port Philip City Council in Melbourne (Inset: Study area comparison to Melbourne and
surrounding councils).

2.2. Traffic Redistribution: Travel Preference Survey

To ensure high-quality results, a robust travel preferences survey was completed
for the study area under consideration. This research started with a considerable review
of available relevant data. In recent times, Australia has been conducting a compulsory
national census every five years that achieves a completion rate of 95% but that includes
limited information about travel habits [45,46]. Detailed travel studies in comparison
may only contain up to 5000 results, or only 0.02% of a population. The review also
found that detailed travel studies are conducted at the state level as part of the planning for
infrastructure and public transport developments. In Melbourne, the Victorian Government
completes travel surveys sporadically with the most recent study being a four-year study
collecting results from 4000 households each year [8]. The data collection methods vary
between survey types with different studies adopting different approaches. Transport for
NSW [47] completes face-to-face interviews to collect results whilst Statistics Netherlands,
for example, initially completes face-to-face interviews to collect data but over the years
have transitioned between various methods to try to capture the most amount of data [48].
The Victorian Department of Transport’s [8] approach was to provide self-completion paper-
based or online-based travel diaries, however these were found to have a low completion
rate and follow up phone calls where completed to prompt a higher response rate [49,50].

For the development of the low carbon mobility digital assessment model for this
study, a different approach was taken, and it was important to undertake a local travel
preferences survey to provide data specific the target council area. This was intended
to reduce reliance on generalised datasets from previous studies from other cities, states,
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or countries, as is the case with some other low carbon mobility calculators reported in
the literature.

2.2.1. Survey Design

The travel preferences survey designed for this study adopted several key principles
to achieve its objectives which included the need for simple, short, relevant, and targeted
approach to ensure quality data are collected.

The survey was essentially designed to capture trip preference data and included
questions about each participant’s current mode of travel, and what their second preference
or backup travel mode would be.

The primary method of data collection was online, followed up by a letter drop to
attract as many geographic-specific results as possible. Media posts through online newslet-
ters via several local channels were also used to attract as large a response as possible.

It is also important to note that in order to understand the requirements of the end-
users, namely the council that will be using the models, consultations with Port Phillip
Council were also undertaken. The outcomes of the consultation benefited the survey
design as the council mainly intended for the models to be used for development of polices
based on the provided evidence; and for the results to be used for community consultation
and communication by providing evidence about the current situation and impacts of
potential low carbon interventions.

2.2.2. Survey Results

At the conclusion of the survey period there were 127 eligible responses from a total
of 159 submitted surveys. The survey returned an excellent sample of participants across
all age groups for the study area under consideration. There was a particularly large
percentage of respondents from the 25–34 age group, which is likely related to the type of
audience engaging with the online platforms where the survey was promoted.

To develop a travel redistribution matrix, information about the morning peak hour
trips were collected, as shown in Figure 3. This part of the survey asked respondents to
state their current mode of transport and trip purpose. As expected, the results showed
the primary purpose for morning trips is travelling to and from work (92% of responses)
and also around 40% of those surveyed travelled in a single occupant vehicle. These
are important considerations to acknowledge at the start as they would influence how
the end-users might determine the type of alternative travel modes most suited to their
particular travel needs.

To understand the respondents’ travel preferences, they were asked what mode they
would use if their primary mode of transport was not available. They were also asked to
list a secondary alternative mode in the situation where both their primary and alternative
choices were unavailable, as illustrated in Figure 4. Of particular interest in the responses
was the number of trips that the respondents reported could not be made by an alternative
mode of travel of (approximately 9% of trips). This could be due to unwillingness to change
modes, or a work requirement, such as the need to have and travel in a work vehicle. The
respondents were also asked about their mode choices for local trips (Figure 5), where a
local trip was defined as a trip that occurred entirely within the same precinct, such as a
visit to the shops or nearby park.
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As can be observed in Figure 4, private car mode choices for local trips increased
compared to morning commute mode choices as did walking with a significant decline in
train trips.
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2.3. Traffic Modelling

Due to the study’s requirements, a multimodal traffic model of the transport system
for the study area was developed. Transport modelling, at its core, is a complex dynamic
interaction between travel demand, infrastructure supply, and traveller behaviour and
preferences with supply representing the capacity of the network and the various modes.
The demand side of the equation represents travellers with mobility needs and a set of
preferences for mode and time of travel. There are also the external forces of regulation
as set by governments and transport companies and operators which affect the balance
of the equation through the implementation of policies and pricing strategies [51]. Traffic
modelling exists at different levels depending on the level of complexity and outputs
required and the objective of the study [52]. Traffic models can typically be categorised by
both the model resolution and the underlying modelling solutions [52,53]. The details of a
model can range from a static macroscopic level which broadly defines the roads and the
capacity of each link, to a highly detailed dynamic microscopic model which details the
lane widths, intersection details, signal phasing, etc., and are more suited for operational
modelling and analysis of the dynamics of a transport system. A dynamic mesoscopic
model lies between these two options and has all the details of a macroscopic model but
with additional dynamic details such as intersection signal phasing to more accurately
calculate dynamic travel times for example.

For this study, a traffic model for the study area was developed using the software
tool Commuter. This is an agent-based modelling platform (with agents being the people
or vehicles in the model) which is capable of performing complex microscopic simulations
of the study area for various scenarios [54]. The modelled precinct was subdivided into
12 areas for the purposes of modelling (Figure 6).
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This included four areas that allowed external interactions with the model. The areas
were developed as an amalgamation of the Victorian Integrated Survey of Travel Activity
(VISTA) study areas [8] with each area’s zone amalgamated to form areas of similar trip
counts, approximately similar shaped regions, and access to public transport services. As
this tool’s focus is to quantify the mobility impacts at a local council level, and they would
need to be developed and adopted by each council, trips that originate or end within
a council’s boundaries were included. However, through traffic or trips that continue
through the study area were not considered because generally such trips are more likely
to use major arterial roads rather than use local streets or roads. Such trips would also
be picked up or included in the relevant local council low carbon mobility models where
they originated or ended their travel. All public transport services were modelled. Within
the study area, all train, tram, and bus routes and tracks were included, as well as public
transport stops and timetables for the morning peak period. Within the area there was
also a level crossing that was modelled to ensure trains always had right of way. For
this study, ride share and taxis were not included considering they were not commonly
used for morning commutes except in exceptional circumstances. However, carpooling
was included.

The cycling network within this study area comprised predominantly of the road net-
work with some dedicated on-road cycling lanes. Given that the area is heavily urbanised,
there are no off-road bicycle networks. To reflect cyclists’ behaviours within the network,
the model was calibrated for cyclists to take shorter distance trips and avoid certain roads
such as freeways. This precinct is near a coastline and is very flat, so steep elevations are
generally not a consideration for cyclists.

For trip distribution, the VISTA travel survey dataset was used as the basis with
relevant trip data extracted for trips to and from the study area, within the study area, and
only during the assumed peak period of 8 a.m. to 9 a.m.

To try to replicate the modal split experienced within this precinct and allow flexibility
for the model agents to make choices about which modes to use, the model was set up such
that there were four types of behaviours adopted. Without explicit traveller behaviours and
preferences, the traffic model will always adopt the least cost route which is not an accurate
replication of reality according to the survey results for the study area. The travellers in
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the model were assumed to have the following behaviours or preferences: (1) average
commuters (they adopt a travel mode choice with the lowest generalised cost); (2) drivers
only (represent the absolute minimum number of cars on the road); (3) carpooling travellers;
and (4) cyclists. For the base case scenario, the model was calibrated by adjusting the costs
of each link and mode choice preferences to match the modal split values from VISTA.

The final step in model development included specification of route choice which is
the distribution of trips across the transport network which is a standard and established
procedure in traffic simulation models [55,56]. This included a cost-based approach, but the
costs assigned to various links, modes, delays, and other factors needed to be considered
and specified to get an acceptable outcome and a good replication of reality.

Following the development of the traffic model that approximated the observed
results, the travel preference survey data was then integrated to reflect traveller behaviours
and determine the possible and likely outcomes to be expected in the study area based on
the travel survey results.

3. Modelling Results

A set of scenarios were then tested in the model which included the base case scenario
reflecting current conditions in addition to a number of desired future scenarios that
reflected different low carbon mobility futures. The desired scenarios aimed to investigate
impacts of low carbon interventions that could deliver 20%, 40%, 60%, 80%, and maximum
possible reduction in private vehicle trips, respectively. It is noted that the results from
the travel survey identified a number of private vehicle trips that cannot be replaced with
other modes of travel. Therefore, although the final scenario was intended to produce
complete reductions, the actual reduction was constrained to around 82.4%. Based on this
requirement and travel preferences, the following scenarios (Table 1) were developed and
tested in the model.

Table 1. Modelled scenarios.

Mode Base Scenario 1
(20% Reduction)

Scenario 2
(40% Reduction)

Scenario 3
(60% Reduction)

Scenario 4
(80% Reduction)

Scenario 5
(Max Reduction)

Drive 34.0% 27.2% 20.4% 13.6% 6.8% 6.0%
(82.4% Reduction)

CarPool 11.0% 12.0% 13.1% 14.1% 15.2% 15.3%

Cycle 16.0% 16.9% 17.9% 18.8% 19.8% 19.9%

Commuter * 39.0% 43.8% 48.6% 53.4% 58.2% 58.8%

* Public transport modes.

Mode shares for each of the modelled scenarios are presented in Figure 7. The results
show the propensity of each scenario to reduce private vehicle trips and the percentages of
shift from private vehicle trips to other modes of sustainable and low carbon transport.

Inspection of these results shows carpooling is the preferred alternative mode of
transport for reducing private vehicle trips for travellers in the study area, followed by
cycling, trams, walking, buses, and trains. It is interesting to note that the modelling results
also showed (Figure 8) that adoption of these alternative modes of transport will result in
slight increases in travel times compared to travel time in private vehicles.
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The results in Figure 8 quantify these impacts and show that the average travel times
increase between 30 s for the scenario which reduces private vehicle use by 20%, through to
an increase in 3 min in average travel times for the scenario which reduces private vehicle
trips by 80%. These increases in travel times are insignificant and are due to the fact that
the alternative modes of transport do not provide the shortest distance door-to-door travel
offered by private vehicles especially for public transport vehicles that travel along set
routes and often move at lower speeds, travel longer distances, and have multiple stops
along their routes to pick up and drop passengers.
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3.1. Carbon Impacts

Two main methods for calculating transport emissions were considered: Fuel-based
approach, or a distance-based approach. The fuel-based approach relies on the fuel con-
sumption for a trip multiplied by an emissions factors for that fuel. Distance-based ap-
proaches use a factor based on the average emissions emitted per distance or kilometre of
travel [57].

The carbon impacts of different transport modes have been widely reviewed by
academics and government agencies and vary worldwide due to multiple factors that affect
the measurements. These factors include the composition and age of vehicle fleets and
the regulatory environments for each country in relation to clean transport and vehicle
emission standard. In this study, the methodology for calculating the greenhouse gas
emissions adopts appropriate values for each mode of travel from numerous Australian
sources [58–62].

For electric vehicles, it is important to note that whilst there are no direct emissions
from these vehicles, the generation of electricity used in powering these vehicles will
create emissions unless the electricity is generated from renewable resources. For this
research, the study area is located within the state of Victoria in Australia which generates
the majority of its power from brown coal power plants which render electric vehicles in
the State as ‘less green’ compared to other geographies and jurisdictions [61]. According
to studies based on the Australian average energy mix, charging an electric vehicle will
produce approximately 180 g CO2e, only 35% lower than the average petrol car [23].

3.2. Low Carbon Assessment Tool Design

The tool developed in this work has a simple and powerful interface, driven by a
dynamic dataset to provide relevant outputs and meaningful metrics. The interface of the
tool allows the end-user to select a target year and a desired reduction in private vehicle
trips. If the user would like more defined control, they can also apply capacity constraints
to each travel mode. This allows the calculator to factor in potential capacity constraints,
for example for public transport services, if it is not possible to provide more services.
For example, where tram services are already running at capacity and there is limited
opportunities to add new tracks or infrastructure to increase capacity, then this can be
provided as a constraint so that the model does not assume solutions that are not feasible
or impossible to implement.

Carbon Impacts Calculations

To estimate emissions, the distance-based method was adopted whereby the distance
travelled by each mode is multiplied by the reduction impacts from that mode and the
global warming factors. This provides all modes with a common dimension (Carbon Diox-
ide Equivalent (CO2e)) which is then totalled to represent the impact of all modes. Equation
(1) demonstrates a typical calculation that is used to determine the total greenhouse gas
emissions for a particular mode of transport in the study.

The second measured impact is personal cost which is a function of trip time and a
base cost. Equation (2) represents the calculation method for this impact. Trip costs are
represented as a fixed cost for public transport according to the pricing scheme adopted
for public transport in Melbourne. The costs of driving are adopted from the Australian
Taxation Office cost estimates of 68 cents per km travelled [63]. This is considered to include
all costs relating to the ownership, operations and maintenance of a motor vehicle. The
final measured impact is passenger kilometres travelled on the road. This is a metric that
accounts for personal vehicle trips, motorcycles, and carpooling. The impact is derived
from the summation of the trip distances

GHG = (TDiCi + TDi MiFM + TDi NiFN) + . . . (1)

where
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TDi—Travel Distance of Travel Mode I;
Ci—Carbon Dioxide Emissions of Travel Mode i;
Mi—Methane Emissions of Travel Mode I;
Ni—Nitrous Oxide Emissions of Travel Mode I;
FM—Methane conversion factor;
FN—Nitrous Oxide conversion factor.

PC = (TDiVCi + FCi) + . . . (2)

where

TDi—Travel Distance of Travel Mode i;
VCi —Variable Cost of Travel of Mode i;
FCi—Fixed Cost of Travel Mode i.

3.3. Travel Redistribution Calculations

To redistribute the trips accurately, the tool interpolates the traffic modelling results
between the scenarios to estimate the mode share for the private vehicle trip reduction
desired by the user. The mode share results determine the number of trips that will be
taken by each mode, which, in turn, is used to calculate the carbon impacts and other
benefits. If the user has opted to provide additional capacity constraints, these are also
considered during the redistribution. The metrics reported by the tool include: greenhouse
gas emissions (reported as tonnes of equivalent carbon dioxide); personal cost (reported as
the individual cost of the average commuter); and private vehicle kilometres (a summation
of the total driven distance, indicative of the road network usage). These impacts are
presented for the peak period and annual totals.

4. Case Study

To demonstrate the feasibility of the approach and capability of the digital tool, it was
used for a case study of Port Phillip Council in three scenarios to be discussed next.

The process for the use of the digital tool for the case study can be summarised in
three steps:

1. Setup and Calibration: The first step includes the collection of the required data
including a travel preference survey, and the study area is modelled with a traffic
model;

2. Tool Application: This step include data input and specification of targets and user
defined constraints. Once these are identified, the model is run and results generated;

3. Review and Feedback: This step is where the end-user reviews the results and if the
model needs refinement returns to Step 2 to make adjustments as required.

4.1. Scenario A

This first scenario was developed to demonstrate a simple case with a minimum
level of input required. For Scenario A, the objective was to achieve a 50% reduction in
private vehicle trips and calculate the estimated benefits. The impacts that were calculated
included greenhouse gas emissions, personal cost benefits, and reduction in private trips.
These key impacts and benefits are presented in Table 2.

Table 2. Results for Scenario A.

Metric Peak Hour Impact Annual Impact Annual Individual
Impact (per Person)

Greenhouse Gases −133 Tonne −64 Kilotonne −553 kg

Private Vehicle Km −331,000 km −159,160,000 km −1372 km

Personal Travel Costs −$148,000 −$71,140,000 −$613
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The benefits reported include peak hour impacts, annual impacts (peak hour multi-
plied by two peaks per day, five working days per week, and 48 working weeks per year),
and annual individual impacts (annual impact divided by the relevant population). These
results were only representative of peak hour impacts. Trips that occurred outside this peak
hour window are subject to different behavioural patterns and thus were not estimated.

The key metric output was greenhouse gas reductions of 133 Tonnes per peak, which
equates to around 31% reduction in greenhouse gases for a reduction of 50% of private
vehicle trips. Notably the reduction in greenhouse gases does not decrease at the same rate
as private vehicle trips because most other trips have a base level of greenhouse gases. The
other two metrics, private vehicle kilometres and personal costs are consequential benefits
(in most cases) of the reduction in private vehicle trips that can offer some preliminary
insights into the impacts before investing resources into developing accurate impact state-
ments. The reduction of 331,000 private vehicle kilometres represents a reduction of 50%
of single occupant vehicles off the road, and, therefore, is a simple relative measurement
of the improvement to road congestion. Personal travel cost is a metric that measures the
cost of each individual’s commute. An individual benefit of $613 was estimated based on
averages across all trips. These benefits were a result from the decrease in car ownership
and running and maintenance costs, offset by an increase in public transport fares. Whilst
this scenario demonstrated a simple approach to the model, it provided meaningful results
that would help the user in testing during the early stages of planning to narrow down on
targets for inclusion in policies and strategies. As outlined before, it is expected that each
council would develop and adopt their own low carbon mobility initiatives and models.
Therefore, whilst these results measure the impacts of travel within the study area, the
impacts of through traffic are not included as these would be picked up by the relevant
council low carbon mobility models. There is certainly scope in future research studies to
consider how the different low carbon mobility models for adjacent councils can be either
integrated or fused to ensure that there are consistent strategies that target through traffic
in their areas such as provision of by-pass routes to encourage a shift of through traffic to
major arterial roads rather than local council roads.

4.2. Scenario B

This scenario extends Scenario A and assumes the tram network is nearing maximum
capacity (which is a reflection of reality) with some room to accommodate 10% more trips,
and that no further improvement works are available for this network (without significant
costs). The key impacts and benefits for this scenario are presented in Table 3.

Table 3. Scenario B results.

Metric Peak Hour
Impact Annual Impact Annual Individual

Impact (per Person)

Greenhouse Gases (CO2e) −130 Tonne −63 Kilotonne −541 kg

Private Vehicle Km −331,000 km −159,160,000 km −1372 km

Personal Travel Costs −$156 K −$75,080,000 −$647

Overall, Scenario A and Scenario B results are similar. As expected, the private vehicle
kilometres travelled are unchanged, as the target reduction in private vehicle trips is the
same. There is a slight decrease in the reduction in greenhouse gases by limiting the
number of tram trips, this is due to the reduced tram capacity being offset by additional
uptake in carpooling trips. Comparatively, the reduction in greenhouse gases is almost the
same (31.2% vs. 31.9%). The results showed that some of the offset trips were redirected
to walking and cycling modes which also helped to reduce personal costs compared to
Scenario A, reducing the cost by a further $34 per person.

The change in trip allocations between Scenario A and Scenario B is also highlighted in
Table 4 to demonstrate how the results change by adding a capacity constraint. The impact
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of the constraint is evident showing reduction in tram trips by 1327 trip, which is then
redistributed across the other modes in accordance with the findings of the traffic model
and travel preference survey with higher weighting given to carpool and walking modes.

Table 4. Differences in trips between Scenario A and Scenario B.

Mode Additional Trips
(Scenario A)

Additional Trips
(Scenario B)

Difference in Daily Morning Trips
(Mode Share Change)

Private Car −26,251 −26,251 0

Carpool 7255 8572 +1327 (0.8%)

Train 854 1009 +155 (0.1%)

Tram 5572 1819 −3753 (−2.2%)

Bus 3924 4637 +713 (0.4%)

Bicycle 2734 3230 +496 (0.3%)

Walking 5909 6980 +1071 (0.6%)

Scenario B allows the user to quickly check what the changes to the benefits would be
given a network constraint. As demonstrated, the only change between the two scenarios
was the input of a single value which redistributed the trip modes accordingly and recal-
culated the results. This tool can speed up the development and testing of policies and
strategies whereby a potential hurdle that arises, such as with trams in this scenario, the
model recalculate outputs to update the policy and strategy plans factoring in the constraint.
This provides the user with flexibility to make changes to address shortcomings and deliver
results quickly which can speed up the planning and strategy development process.

4.3. Scenario C

This scenario considered a greenhouse gas reduction target of 25% by year 2030. In this
case, the model considers an iterative approach that was based on an initial private vehicle
reduction target of 50%, which was then incrementally increased until the greenhouse gas
reduction target was achieved. The key results for this scenario are shown in Table 5.

Table 5. Scenario C results.

Metric Peak Hour
Impact Annual Impact Annual Individual

Impact (per Person)

Greenhouse Gases (CO2e) −105 Tonne −50 Kilotonne −352 kg

Private Vehicle Km −351,000 km −168,440,000 km −1178 km

Personal Travel Costs −$53,000 −$25,520,000 −$178

One key difference between the assumptions for the different scenarios is that they
have been based on different demands for travel. For Scenario C, the travel demand in 2030
would be higher compared to the base year demands assumed in Scenario A and Scenario
B. Therefore, Scenario C demonstrates how the tool has flexibility to accommodate different
forecast time horizons. Although Scenario C produced a significant 62% reduction in
private vehicle trips, the overall benefits calculated for Scenario C were lower than Scenario
A and Scenario B. The benefits from private vehicle reductions were offset by the forecast
substantial increase in population by 2030 and the resulting increase in number of future
trips. Due to the increase in population and future trips, it was estimated there would be an
annual increase of 46 kilotonnes of greenhouse gases. These results can be considered and
interpreted in a number of ways for planning purposes. If the aim was to reduce emissions
by 25% compared to base case conditions, then a private vehicle trip reduction target of 62%
would be needed to reduce the impacts by 54 kilotonnes in 2030. Another way to interpret
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this is that if the reduction target could be achieved today, it would result in a reduction of
82 kilotonnes. To counter the effects of the population growth and the associated transport
demands, which inevitably would result in increased greenhouse gases, a larger target of
private vehicle trips reduction would need to be adopted.

Scenario C demonstrated the application of this model to future transport network
conditions, and how it can be used to target a greenhouse gas reduction. For decision
makers who work on policy development, these processes can take years to come to fruition.
As was demonstrated in this scenario, a 62% reduction in private vehicle trips today could
result in 40% reduction in greenhouse gases, but in a decade that would reduce to 25%.

5. Conclusions and Future Directions

The low carbon mobility assessment models discussed in this paper represent a radical
departure from existing assessment models reported in the literature. The key distinction
is that while most existing carbon and emissions estimation models are based on static
datasets, this research developed and evaluated a vigorous assessment framework that
integrates multiple dynamic models that work together to yield more accurate and robust
results that respond to changing network conditions and traveller behavioural preferences.

The value of these models is that they can respond to changes in the transport envi-
ronment dynamically without the need for model re-development or re-structure to meet
the changed conditions. By incorporating travel behavioural patterns of residents within
the study area, which was established using the travel behaviour and preferences surveys,
the model’s capabilities are extended at more granular levels leading to a better under
understanding of travel behaviour and network performance and constraints. These types
of surveys help to identify if there are limitations or constraints to the extent to which
private vehicles can be removed from the transport network taking into considerations
travellers who are unable or unwilling to travel without a private vehicle. As was shown in
the results, the model was also sensitive to constraints in service provision such as limited
capacity to expand the tram network which the model then considers when evaluating
shifts from private vehicles to other modes of transport. The model was also useful in quan-
tifying different impacts including changes in travel times and importantly in emissions
and pollution that resulted from different modelling scenarios.

Future research pathways can look into extending the model’s capabilities by testing it
on different precincts and study areas to derive patterns that would allow for a simplified
setup and generalisation of models in different regions. The models can also be extended
by updating the vehicle fleet composition to include electric, petrol, diesel, hybrid, and
other types of vehicle to get a better understanding of the impacts of transitioning the
existing vehicle fleets to more energy efficient modes of transport.

Another focus for future research would be the inclusion of additional road transport
modes such as autonomous on-demand shared mobility. These future solutions may
allow for a higher reduction in carbon impacts by reducing reliance on car ownership and
encouraged more sharing of assets and vehicles. A finer level of detail would be required to
understand the split of private trips between these sub categories, and further behavioural
studies to understand the potential uptake.
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