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ABSTRACT Climate change is currently the biggest environmental threat, being the cities responsible for a
significant impact on greenhouse gas emissions. In this sense, the transport sector is among the main causes
for both emissions and the depletion of non-renewable resources. Considering this scenario, there is an
appeal to build more accessible, smart, sustainable and energy-efficient cities, promoting energy transition
in urban systems and increasing the quality of urban life. This review aims to analyse transport and urban
mobility studies that employ optimisation techniques to achieve environmental-related, sustainability, energy
transition or climate change mitigation goals. After an overview regarding modelling aspects of how such
goals were addressed, the nature of the objective functions, the perspectives considered, and the network
application, such studies were classified into five areas and further detailed. The areas comprise: (i) planning
and policy-making; (ii) environmental variables; (iii) demand and traffic management; (iv) technology and
energy; and (v) non-spatial measures. In this sense, future research directions should include optimisation
models that consider the social aspects of transport and the interests of passengers, operators, and the
community simultaneously, improve the modelling of environmental impacts to increase its robustness, and
deal with large network problems.

INDEX TERMS Climate change, greenhouse gas (GHG) emissions, optimising, passenger urban transport,
sustainable mobility.

I. INTRODUCTION
Cities have a significant impact from the point of view of
greenhouse gas (GHG) emissions, as most traffic, industry,
commerce, and over 50% of the world’s population is located
in urban areas. This number is expected to be around 68%
by 2050 [1]. The rapid growth of the urban population and
the consequent increase in demand for travel have also raised
awareness of the transport sector’s contribution to GHG
emissions and the urban effects of climate change [2].

In order to mitigate the effects of climate change, low-
carbon transport plans are needed, including a set of policies
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and strategies to avoid and reduce unnecessary motorised
travels, shift existing travels to more efficient and low-carbon
modes by encouraging the use of public transport and
non-motorised modes, and improve transport technologies
to reduce GHG emissions by promoting fuel economy,
electric mobility and the use of sustainable energy sources.
A range of actions can be taken to change people’s mobility
behaviour and create a culture of sustainable mobility.
These include redistributing the road space giving priority to
public transport, cycle networks, and sidewalks, restricting
parking spaces, reducing road speeds, creating road price
schemes, enhancing multimodality experience for door-to-
door travels, raising the public awareness of the impacts
of transportation on the climate crisis, and also including
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public participation into transport and urban planning [3],
[4], [5], [6]. As for guidelines, the European Union strongly
recommends that European cities embrace the concept of
Sustainable Urban Mobility Plans (SUMPs). Around the
world, many cities have transport planning frameworks that,
if not officially denominated as SUMPs, closely resemble
them, embodying a comprehensive approach to fostering
sustainable transportation strategies [5].

Among transport techniques and technologies, optimisa-
tion processes can be considered prominent for building
smarter and more sustainable cities, as they may contribute
to generate city structures and forms that improve efficiency,
equity, and quality of life. Operations research, the field
where optimisation techniques are inserted, took great
advantage of technological advancements. Over the last
decades, enhancements in both methods and algorithms
allowed to tackle larger problems. In general, transportation
optimisation supports the decision-making process by apply-
ing advanced analytical methods, and can be applied into
the above-mentioned range of actions towards sustainable
mobility. Thus, optimisation techniques can contribute to
create sustainable mobility plans and to address the big global
challenges as climate change. However, global challenges
are highly complex and must be addressed interdisciplinary,
otherwise a field or area of research might become
insular [2], [7].

Optimisation techniques have been applied in transport
studies for a variety of reasons, but mainly for the design and
operation of networks. Previous reviews have analysed math-
ematical modelling and optimisation techniques in studies
involving network design (both of public transport and urban
transport networks) [8], [9] and route design [10]. However,
these reviews mainly focus on defining and classifying the
problems, and describing objective functions, constraints and
solution methods, sticking to an operational approach of the
transport problems. Guihaire and Hao [8] present a review
of optimisation formulations for the transit network design,
frequencies setting, and timetabling problems. In the review
of Guihaire and Hao Kepaptsoglou and Karlaftis [10], the
authors specifically focus on the routing problem, while
Farahani et al. [9] have extrapolated the analysis to the urban
network.

On the other hand, there are reviews that analyse environ-
mental and sustainable aspects in the transport sector, but
these are either comprehensive— as Sdoukopoulos et al. [11]
andKraus and Proff [12], that had a similar work on analysing
and summarising sustainable transport criteria and indicators
or as is the case of Aminzadegan et al. [6] covering all modes
of transport including shipping and air and scales from urban
to international trips — or when the scale was restricted to
urban, the focus of analysis was usually a single mode of
transport as in [4], [13], [14], [15], and [16]. Miller et al. [4]
summarised strategies and instruments for low-carbon urban
transport, focusing on the avoid-shift-improve measures.
Kwan and Hashim [13] conducted a critical review to present
the relationship between public transport and sustainability,

offering an overview of key concepts and how public trans-
port contributes to sustainability goals and recommendations
for planning, engineering, and researching sustainable public
transport. Kwan and Hashim [14] conducted a review on
co-benefits of mass public transport in climate change
mitigation. Reddy and Narayana [15] presented a review
on electric vehicles (EVs), where they determined five
major areas of optimisation (design, energy management,
optimal control, charging/discharging and routing). In terms
of shared bicycles, Si et al. [16] pointed that the main
topics regarding systems’ optimisation include design of
the network (stations and capacity), integration with public
transport, and operational aspects (such as the imbalance
between bicycle demand and station inventory).

Moreover, when presenting research gaps,
Farahani et al. [9] highlighted the need to include objective
functions and constraints that address environmental factors.
Also, Agatz et al. [2] advocate transportation optimisation
must support decision-making process regarding the United
Nations’ sustainable development goals (SDGs) [17]. In this
sense, the present study proposes to fill the gap of analysing
the literature in terms of how optimisation models considered
sustainability aspects in urban passenger transportation.
In this way, the aim of the article is to conduct a review of
transport and urbanmobility studies that employ optimisation
techniques to achieve environmental-related, sustainability,
energy transition or climate change mitigation goals. The
survey seeks to present a more holistic approach to urban
mobility, rather than just focusing on operational aspects,
as presented in [4] and [13]. The main contribution of this
review, besides updating the previous ones, was to synthesise
information on how optimisation techniques can be used to
mitigate climate change through energy transition and urban
and transport planning.

The remainder of this article is as follows. Section II com-
prises the authors’ understanding of promoting sustainability
and sustainable urbanmobility, and the benefits of sustainable
transport in the context of climate emergency. In Section III
the method used in this review is described. Section IV
presents a general overview of the studies analysed, followed
by a discussion of decision variables and objective functions,
while the solution methods are shown in Section V. The
research gaps and future directions are drawn in Section VI.
Finally, the conclusions are brought in Section VII.

II. SUSTAINABILITY AND URBAN MOBILITY
Despite the ongoing global push towards sustainability,
current urban development trends and patterns are still far
from this goal, thus, the challenging process of building
more ecologically conscious cities is a necessary undertake,
because the quality of life of present and future generations
depend on the promotion of an ecologically balanced, socially
just, and economically viable environment [18], [19], [20].

Sustainability has been brought into light in the last
few decades and although its concept is not definitive,
it is usually considered a paradigm of social thinking
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proposed to guide and shape the development of society
in its prominent spheres, including science and innovation,
technology, economics, urban planning, policy, and insti-
tutionalisation [18]. The Brundtland Commission Report
provides a generic definition of sustainable development:
‘‘development that meets the needs of the present without
compromising the ability of future generations to meet
their own needs’’ [21]. Sustainability constitutes a state in
which society does not harm natural and social systems for
present and future generations, and economic, environmental,
and social values and goals are balanced, i.e. economic
development is balanced with environmental protection and
social equity and justice [18]. So, usually the concept of
sustainability is subdivided into three dimensions: economic,
environmental, and social [11], [12], [13], [21].
Mobility plays an important role in sustainable develop-

ment because of the pressure it exerts on the environment,
besides its economic and social impacts. The rise of the
term ‘‘sustainablemobility’’ changed the traditional approach
of transport planning, which conceptualised transport as a
derived demand and as infrastructure to support economic
growth, to an approach that recognises the pitfalls of
unrestricted economic growth, incorporating social and
environmental objectives such as environmental protection
and democratic participation [22]. In previous decades,
transport planning sought to maximise network capacity,
traffic volumes, and operating speeds, whereas the proposed
sustainable mobility model focuses on people, relating to
concepts such as accessibility and increasing quality of
life through the regeneration of urban spaces. Sustainable
mobility still involves system (infrastructure and capacity)
planning, but now social aspects asmobility justice, participa-
tion, transport demand management and changing travellers’
behaviour come into light [3], [5], [11], [23].
Given the Avoid-Shift-Improve framework, sustainable

mobility stands for reducing the need to travel, reducing
distances through land-use related policies, implementing
policies for modal shift (from cars and motorbikes to active
and public transport modes), and improving technology for
reducing the impact of transportation in the environment [3],
[4], [5], [11], [12], [20]. Not exhaustively, criteria and
indicators regarding sustainable mobility (in economic, envi-
ronmental, and social dimensions) include contributions to
the economy and development, costs of the transport system
(including costs of externalities), efficiency and reliability
of the transport system, energy efficiency, social insertion
of sustainable and smart technologies, consumption of fossil
fuels, percentage of renewable and alternative energies in
relation to total consumption in the sector, pollutant and GHG
emissions, air quality, rates of respiratory diseases caused by
air pollution, accident rates, congestion rates, noise pollution,
fragmentation of urban space, access to public green and
leisure spaces, urban accessibility, affordability, social equity,
level of integration with urban planning, modal split, capacity
to shift demand from individual to public and active modes
and multimodality [11], [12], [13].

Urban planning and the transport sector intersections
have been investigated in terms of indirect public health
benefits, which were associated with measures to reduce
GHG emissions, in this case considering the environmental
and social dimensions of sustainability [2], [24]. Reducing
or eliminating GHG emissions in the transport sector will
require a broad implementation of sustainable mobility
policies, which should start from the premise of integrating
different objectives (economic, health and environmental),
while considering the needs of different social groups.
Furthermore, it also requires integration with land use
policies, which can guide urban development in a way that
allows public transport and active modes to be the focus of
urban mobility [25], [26].

The transport sector is among the main contributors
to global warming and the depletion of non-renewable
resources. The sector is responsible for 14% of total GHG
emissions and 23% of CO2 emissions. Passenger cars, two-
and three-wheelers and minibuses contribute about 75%
of CO2 emissions from passenger transport, while public
transport (including buses and rail systems) generates about
7% of emissions, despite covering one fifth of passenger
transport globally [5]. Regarding particulate matter, the road
transport sector accounts for about 30% of global urban
emissions [7].

In this context, there is an urgent need to determine
more efficient ways of promoting sustainable and low-carbon
mobility strategies. In the literature, measures to achieve this
are categorised as structural / hard and as psychological / soft.
Structural measures are related to planning and management
(land use, transport networks, traffic, etc.), technology,
economy, or policy / regulation [4], [6]. The psychological
ones, on the other hand, consist of information and com-
munication measures, and are focused on managing the car
use demand by changing travellers’ attitudes and behaviour.
These measures may include, for example, educational
and awareness campaigns, organising services, coordinating
activities of different stakeholders, and personalising routes,
facilitating the use of sustainable modes [27].

Aminzadegan et al. [6] conducted a review to investigate
the variables affecting GHG emissions in different transport
modes and divided these variables — and their respective
reduction strategies — into four groups of hard measures
(planning and policy-making, technology, economy, and
demand). For road transport, the main solutions found
for the different groups were: (1) planning and policy-
making – urban planning with improved public transport
and encouraging the use of public and active transport
instead of private vehicles; (2) technology – adoption of
alternative fuel sources with lower carbon content, zero-
emission vehicles, fleet renewal and use of smart systems
for route improvement; (3) economic factors – imposing fuel
taxes or eliminating fuel subsidies, and converting external
costs into internal costs, so that accidents, pollutants, and
noise come to be considered as system costs and, in this way,
the investments in transport networks for individual vehicles
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would be perceived as costlier; and (4) demand – managing
choice of sustainable transport modes, residential densities
and employment, which potential effects include reducing
travel demand and dependence on motorised vehicles. On the
other hand, soft measures as travel behaviour changing
approaches can enhance the effectiveness of hard measures
and strengthen sustainable urban mobility systems, being,
therefore, an essential element of climate action [7], [27].

An effective reduction in GHG and urban pollutant
emissions requires a reduction in the need of travelling and
changing modes of travel, i.e. besides changing urban forms
into less car dependent ones, it is also necessary a decrease in
the use of individual motorised vehicles and an increase in the
use of public transport and active modes, such as cycling and
walking [6], [25], [26], [28], [29]. This way, policies — with
significant investment — are required to make sustainable
modes attractive and viable [28]. It is important to highlight
that isolated measures or strategies have smaller potential
effects than measures applied jointly. Furthermore, policies
involving technology application, such as the electrification
of bus fleets, can reduce emissions, but have smaller positive
effects on human health than policies promoting active
transport [29]. Thus, the combination of measures of different
natures presents itself as the best alternative to amplify the
environmental, economic, and social benefits that can be
extracted from sustainable transport systems [6], [28], [29].
In public transport, fleet electrification combined with

other mode-enhancing strategies, can be an attractant for
mode shift, not only for its technological nature but also
for the operational improvement of the public transport
system [6], [24], [25], [26]. Route improvements and fare
incentives can also be used as mode-shifting promoting
strategies [6]. In addition, the benefits of any public
transport system go beyond productivity itself (such as
improved service regularity) and include other aspects that
can impact on health, accident reduction, mobility, income
and household budgets [30]. In active transport, the additional
impacts involve direct health benefits, with a decrease in
the prevalence of physical inactivity and various diseases.
Although the increase in pedestrians and cyclists also
increases their exposures to air pollution and accidents,
except in extreme polluted environments, the positive effects
of physical activity strongly outweighed the negative effects
of traffic-induced injuries and exposure to air pollution [29],
[31]. Therefore, active and public transport modes play a
central role in building a smart mobility model that is envi-
ronmental, economical, and socially sustainable. New forms
of mobility like Mobility as a Service (MaaS), including,
for example, bike-sharing systems, may also make private
cars less attractive than public, shared or active transport
modes; integration of different fares, payment systems, and
modes may also improve the user experience with sustainable
modes [7], [32]. However, some MaaS solutions also raise
concerns. While private vehicle ownership can indeed be
replaced by shared vehicles or shared journeys, this may
not necessarily mean fewer kilometres travelled by car, and

consequently, emissions reduction. Another point of concern
is that some MaaS services, such as ride-sourcing, can
replace journeys by public transport, since they offer greater
convenience for door-to-door journeys [33].

Once a decrease in using individual motorised vehicles is
achieved, the further step should be to reduce the emissions
of the remaining car fleet. In this sense, EVs can diminish
oil and natural gas resources consumption once they are
powered by renewable energy sources. Caution is needed,
however, as an increase in the use of EVs without a mode
shift or without a transition of energy production to renewable
sources may imply a reverse effect, increasing fossil energy
and non-renewable resources consumption [15], [34].

III. METHOD
The methodology of this study comprises a systematic
review of the literature on transport and/or urban passenger
mobility studies that use optimisation techniques to achieve
environmental-related, sustainability, energy transition or
climate change mitigation goals.

Following the method proposed by Tranfield et al. [35], the
execution of this review has three main stages: i) planning
the review; ii) conducting the review; and iii) reporting and
disseminating the results. During the planning phase, the need
for a research review was identified, then a proposal for it
was prepared, as well as the protocol for conducting the
review. In the conducting stage, searches were carried out in
databases of scientific articles, followed by the application
of inclusion and exclusion criteria, and data extraction and
synthesis. Last, the dissemination of results includes the
writing of this survey, containing the recommendations for
furthering the research in the area.

In the planning stage of the review, an initial search was
conducted using the terms:

((‘‘sustainab*’’ OR ‘‘climate chang*’’) AND (‘‘urban
mobility’’ OR ‘‘urban transport*’’) AND (‘‘optimisa-
tion’’ OR ‘‘optimization’’) AND (‘‘review’’ OR ‘‘bib-
liometri*’’ OR ‘‘state-of-the-art’’))

to check if any similar reviews already existed in the
literature. No papers similar to the one proposed in this study
were located, which encouraged the authors to proceed with
the initial proposal.

Once the alternatives for promoting sustainability in urban
mobility had been established, as presented in Section II, the
following inclusion and exclusion criteria were defined:

Inclusion:
• Transport and/or urban passenger mobility stud-
ies that employ optimisation techniques to achieve
environmental-related, sustainability, energy transition
or climate change mitigation goals.

Exclusion:
• The study is not related to the area / scope proposed in
this review;

• The study does not promote policies related to active
modes and public transport;
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• The study does not concretely include aspects of
sustainability and/or climate change, i.e. the terms are
only mentioned superficially and are not a focus of the
study;

• The scale of the study is not urban (or metropolitan), i.e.
it does not work with urban transport or urban mobility;

• The study is not about urban passenger transport /
mobility;

• The study does not apply optimisation techniques;
• The study has methodological issues and was excluded
because of quality standards;

• It is not possible to extract the questions from the
established protocol.

The review protocol also included the following extraction
questions:

Q1: Which modes of transport are considered in the
study?
Q2:What does the study analyse in relation to transport?
Categorisation into network infrastructure (roads or
stations), energy infrastructure (energy stations/vehicle
charging or distribution network), transport system
operation (which stage of system operation?), energy
operation, modal integration (which modes?), demand
management (how?).
Q3: What sustainability or climate change mitigation
strategies (e.g. emissions reduction) are used in the
study? Categorisation into policy, economic, technolog-
ical and demand management strategies.
Q4: What aspects of sustainability were considered?
Q5: Which perspectives are considered in the optimisa-
tion model? Categorisation into passengers or users of
the transport system, operators, citizens / government /
community.
Q6: What are the model’s decision variables?
Q7: What are the model’s objective functions?
Q8: What are the model’s solution methods?
Q9: What type of network is the optimisation model
applied to?
Q10: Is there a performance analysis of the solution
algorithm or the mathematical model?

Once the review protocol had been defined, the following
search term was established:

TITLE-ABS-KEY ((‘‘sustainab*’’ OR ‘‘climate chang*’’
OR ‘‘environmental impact’’ OR ‘‘transport* emis-
sions’’) AND (‘‘public transport*’’ OR ‘‘transit’’ OR
‘‘active transport*’’ OR ‘‘bicycle*’’ OR ‘‘bike*’’ OR
‘‘cyclist’’ OR ‘‘walk*’’ OR ‘‘pedestrian*’’ OR ‘‘modal
split’’ OR ‘‘modal share’’ OR ‘‘urban mobility’’ OR
‘‘urban transport*’’ OR ‘‘city mobility’’ OR ‘‘city
transport’’ OR ‘‘smart mobility’’ OR ‘‘e-mobility’’
OR ‘‘green transport’’ OR ‘‘green mobility’’ OR
((‘‘city’’ OR ‘‘urban’’) AND (‘‘road network’’ OR
‘‘transport infrastructure’’ OR ‘‘transport network’’)))
AND (‘‘optimisation’’ OR ‘‘optimization’’))

The searches were conducted on the SCOPUS platform
and updated until January 2023 to include all studies

published until 2022. Filters were applied to the database to
keep only articles and reviews published in journals. As a
result, the initial search contained 659 articles, which titles
were analysed, and, subsequently, 348 had their abstracts
screened.

Alongside the reviewing process, studies not related to the
mobility/transport area were eliminated (n = 221), and also
those that mentioned sustainability or related terms in the
abstract, but whose content aimed to promote mobility by
private vehicles, with no technology or similar component to
limit emissions or reduce the impacts of the mode (n = 22).
Studies covering regional transport or even national transport
infrastructure were also excluded (n = 16), as well as studies
related to logistics and freight transportation (n = 101),
as they do not fall within this review scope. Finally, articles
initially returned with terms related to ‘‘optimisation’’ or
‘‘optimal’’ but which did not apply optimisation techniques
as a methodological proposal were excluded (n = 93). In the
final analysis, 166 articles were included in this review; at
the final stage, articles that did not meet the minimum quality
criteria (e.g. confusing modelling) (n = 11) or articles from
which the protocol questions could not be extracted (n = 29)
were also eliminated. Figure 1 shows the process of excluding
articles and the delimitation of the articles considered in the
final analysis.

For the results’ dissemination stage, the articles were
divided according to the following criteria: (i) planning
and policy-making – studies that focused on promot-
ing or improving sustainable transport modes, involving
mainly infrastructure and operation aspects (60 articles);
(ii) environmental variables – studies that explicitly include
environmental variables or transport emissions in their
optimisation models (38 articles); (iii) demand and traffic
management – studies integrating transport and land use
planning and those that aimed to improve congested networks
(23 articles); (iv) technology and energy – studies that
analyse technological enhancements and energy systems,
such as EVs and alternative fuel sources with lower carbon
content (40 articles); and (v) non-spatial measures – studies
that include economic and other non-spatial factors (five
articles). This structure was based on areas for controlling
GHG emissions in transportation (planning and policy-
making, demand, technology, and economics) presented
by Aminzadegan et al. [6], while the studies working
explicitly on environmental variables were accommodated in
an exclusive subsection.

It is worth mentioning that, as the studies in this research
deal with sustainable mobility and transportation, they are
aligned with the Avoid-Shift-Improve framework [3], [4],
[5], [11], [12], [20]. In this sense, the avoid strategy
comprises the demand management studies, where land
use and transport planning are analysed together; the shift
approaches are based on planning and policy-making, envi-
ronmental, traffic management, and non-spatial measures,
seeking for improvements on the active modes and public
transport; and the improve ones comprise studies focused on
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FIGURE 1. Studies’ selection flow diagram.

technology and energy, environmental, and traffic manage-
ment. As the Avoid-Shift-Improve-based approaches are
more intertwined, it is difficult to classify the optimisation
articles into a single category. In this way, the structure
proposed by Aminzadegan et al. [6] was considered to better
systematise the organisation of optimisation studies.

As most studies considered in this survey focused on more
than one of the above-mentioned aspects, they were classified
according to their main purposes, allowing to obtain a broad
oversight of the field, as presented in the next section.

IV. PROMOTING SUSTAINABLE MOBILITY THROUGH
OPTIMISING
A general analysis of the literature includes the aspects
considered in modelling optimisation problems, as presented
in Table 1. From the total number of articles included in
this review (166), 62 considered the environmental dimension
of sustainability, mostly related to reducing emissions and
energy consumption; these environmental variables will
be further explored in Subsection IV-B. However, only
10 and 11 of them also considered economical and social
aspects, respectively. One may argue that optimising costs

may indicate economic sustainability, and indeed this is
the main approach to address this dimension, but only
studies that explicitly state they are looking at this aspect
have been included in this general analysis. Regarding
the social dimension, problems addressed noise pollution,
accessibility, social equity, network fairness, travel times, and
the Gini coefficient. Only four articles considered the three
dimensions all together [36], [37], [38], [39].

Regarding how the problem was modelled, there were
single and multi-objective functions, besides problems for-
mulated at multiple levels. In terms of multiple levels,
frequently the lower level relates to trip distribution, modal
split and/or traffic assignment models [37], [40], [41], [42],
[43], [44], [45], [46], [47], [48], [49], [50], [51], [52],
[53]. Moreover, the perspectives were considered related to:
(i) passengers – considering their behaviour or interests (e.g.,
number of transfers, travel distance and time, and comfort);
(ii) operators –minimising costs or investments andmaximis-
ing profit; and (iii) community – environmental and external
costs and integrating urban and transport planning. Most of
the articles focused on the operators’ perspective (59 of 166),
but some studies already analyse more than one perspective.
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It is worth mentioning that objective functions may not
necessarily be related to the transport mode or the application
of the model, as they may represent goals which can be
extrapolated to different modes and applications, such as
reduction of travel times or costs. Another remark is that the
same function can represent different perspectives. In order
to solve the optimisation models, the studies used both
mathematical programming-based commercial solvers and
heuristics/metaheuristics.

Network application regards where the model was tested.
Some authors applied their models to theoretical networks
or presented numerical examples, while others tested in
benchmark networks as Sioux Falls [44], [49], [52], [53],
[54], [55], Mandl [56], [57] and Nguyen–Dupuis [50], [58].
Nevertheless, in the vast majority of studies, the model was
tested on real networks or real case studies. Approximately
55% of the studies investigated cities in Asia, 20% in North
America (USA and Canada), 18.5% in Europe, only four
per cent in Latin America and two per cent in Oceania;
no case studies were found in African cities. From the
Asian applications, China was the country with more studies
(comprising 48 articles [38], [40], [41], [46], [59], [60], [61],
[62], [63], [64], [65], [66], [67], [68], [69], [70], [71], [72],
[73], [74], [75], [76], [77], [78], [79], [80], [81], [82], [83],
[84], [85], [86], [87], [88], [89], [90], [91], [92], [93], [94],
[95], [96], [97], [98], [99], [100], [101], [102]), from which
Beijing stands out with 17 studies [62], [63], [65], [74], [80],
[81], [83], [84], [85], [87], [88], [92], [93], [94], [96], [98],
[102]. Real networks or case study applications may include
universities’ campi [36], [103], [104], [105], [106], [107],
[108], neighbourhoods and districts [46], [80], [95], [98],
[102], [109], or studies that only consider some transport
lines/stations within a city or transport network [71], [81],
[86], [93], [96], [110], [111], [112].

A. PLANNING AND POLICY-MAKING
For planning and policy-making studies, optimisation tech-
niques were applied mainly for infrastructure and operation
planning, but some authors also considered other purposes as
integration with land use planning, traffic management, and
modal integration.

In terms of infrastructure planning, Murray and Feng [109]
was the only study that considered the mode of transport
of walking and the authors were looking to determine an
optimal street lighting scheme. For bike-sharing systems,
problems related to infrastructure considered the location
of stations [78], [148], [156], [174]. Focusing on specific
aspects of the studies, Hu et al. [174] defined as decision
variables the location of new stations, the removal of old
ones without affecting the performance of the system, and
the reallocation of docks between stations; Yang et al. [78]
considered dynamic demand in their problem; Askarzadeh
and Bridgelall [156] considered covered activity points,
such as the presence of transit stops, parks, restaurants,
commercial areas, industrial centres, and universities in areas
of high population density to determine the station areas;

and Qian et al. [148] included disadvantaged communities
and park areas in their formulation. Related to rail systems,
Kang et al. [152] aimed at selecting the points of intersections
of the new railway alignment, while Chen et al. [154] sought
to determine the locations and capacity of rail-based park-
and-ride sites.

For multimodal networks, studies aimed to determine the
location and capacity of the transfer infrastructure to be
built [52], a set of alignments covering as much of the travel
demand as possible [176], and to design a multimodal public
transport system with taxi-sharing and subways, providing
door-to-door service [92]. Besides that, considering the
occurrence of natural disasters, Mera and Balijepalli [51]
proposed a model for road maintenance to improve the
resilience of the network.

For optimising operation strategies, the fleet management
was the main approach of bike-sharing systems, focusing
on distributing and repositioning bikes between stations, i.e.
rebalancing the fleet within the system [72], [82], [101],
[150], [175], [179], [182], [191], [192]. Wu et al. [179]
sought to elaborate an incentive plan for users to perform the
repositioning activities, Fan et al. [182] sought to determine
the fleet size, while Zhang et al. [82], Cao and Xu [192] and
Zhou et al. [101] elaborated repositioning plans, including
routes, scheduling of the operation [82] and number of
bicycles [192]. The study of Chang et al. [84] distinguishes
itself by incorporating damaged bicycles into the model.

Regarding bus systems, the modelling involved network
design (station location and routes), frequencies setting, bus
scheduling and fleet sizing. For the network design, studies
sought to determine public transport service area [147], bus
routes [76], [90], [195], route length [68], [74], number of
lines [74], and stop/station location [74], [76], [199]. For time
and vehicle related modelling, studies focused on frequencies
setting problems [53], vehicle scheduling [62], [67], [110],
[185], and timetabling strategies [79], [169]. Some authors
modelled more than one aspect, for example routes and
frequencies setting [194], routes and vehicle scheduling of
a customised bus service [89], routes and timetabling [187],
frequencies setting and timetable development [193], and
service area, frequencies, and vehicle scheduling [164];
Nesheli et al. [127] focused on real-time operation aspects
of bus systems, as vehicle holding time and boarding limit at
stops, and also deciding if the vehicle could skip certain stops.
Finally, for rail systems, studies focused on determining train
timetables and rolling stock schedule [63], a conflict-free
timetable for all trains running on a railway, considering mul-
tiplatform stations [172], frequencies setting and operational
aspects (stop scheme and operation time) [93], rail scheduling
and fleet management [100], and a transit-based evacuation
plan for rail transit line emergencies [71].

Infrastructure and operation planning, integration with
land use, traffic management, energy and modal integration
in the optimisation model were also combined in some
articles. For bike-sharing systems, studies integrated network
design (station location and/or capacity) and fleet sizing
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TABLE 1. Taxonomy of studies in terms of modelling aspects.

and management [73], [98], [134], [153], [186]. For buses,
Wu et al. [124] sought to determine optimal travel speed and
waiting time at bus stops to avoid waiting time at signalised
intersections, considering operation and traffic management.
For studies involving cars, the main topics were related to
road and traffic management. Luo and Yang [160] selected
roads for restoration to provide quick disaster response,
Bi et al. [83] developed reward mechanisms to improve travel
and energy efficiency of a road transportation network by
establishing a task recommendation system, and to prepare
urban transport systems for long-term disasters [94]. For
multimodal networks considering both bus and car traffic,
Khoo et al. [190] studied the implementation of exclusive bus
lanes and its period of operation, Li et al. [47] focused on bus
scheduling and fuel surcharges, Haitao et al. [173] proposed
a strategy to provide public transport priority in the perimeter
of urban networks, and Gao et al. [70] focused on traffic lights

operation, aiming at providing bus priority on arterial roads.
At last, for a multimodal network to integrate buses to the
rail system, Almasi et al. [196] focused on network design
(routes), frequencies setting, and operational aspects (dwell
time).

Considering the perspective of passengers alone, studies
sought to minimise uncovered demand [174], distances in the
network [156], and passengers’ travel time [68], [93], [127],
[190], and maximise accessibility [147] and direct transfers
without waiting [127]. For the operators’ perspective alone,
studies aimed at minimising costs or maximising rev-
enue [84], [98], [100], [101], [152], [154], [160], [182], [185],
[192], minimising travelled distance or vehicle mileage [72],
[73], [74], [92], [175], [187], [191], minimising work-
load [73] and rebalancing amount [192], maximising covered
demand [73], [176], rebalancing utility [191], the total social
net benefit [47], and the average passenger flow [173].
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Studies that combine passengers’ and operators’ interests
usually combined functions of both perspectives. As some
problems are single objective, considering both perspectives
normally is done by including penalties or constraints for
unsatisfied demand [150], [186], travel times [164] or
service level [179] in a problem focused on the operators’
perspective; in the case of Hou et al. [71], contrary to
the main approach above-mentioned, the objective function
aimed at maximising the total number of stranded passengers
transferred due to rail emergencies, with constraints related to
the operators’ perspective, such as vehicle fleet, headway and
time constraints. For multi-objective or multi level problems,
the most frequent combination of functions was minimising
passenger’s travel time and operators’ costs. Nevertheless,
the whole range of functions aimed at: minimising costs
or maximising revenue [53], [63], [67], [83], [89], [94],
[110], [148], [150], [164], [179], [186], [194], [195], [196],
[199], minimising unsatisfied demand costs [110], [196]
and user costs to access the service [199], maximising
covered demand or ridership [52], [62], [76], [78], [153],
maximising accessibility [148] and network fairness [53],
and minimising distances [78], fleet size [169], vehicle’s
transportation time [82], passengers’ waiting time [63], [79],
[82], [169], passengers’ travel time [51], [90], [169], [193],
[194], vehicle mileage [193], energy consumption [79], vul-
nerability [51], intersection delay [70], train infeasibility [63]
and train delay [172]. Lastly, only two studies considered
all the three perspectives (passengers, operators, community)
simultaneously, and they sought to minimise design and
operation costs [134] and bus operational costs (delay, stops,
acceleration) [124].
It is worth mentioning that functions with costs may

represent rebalancing (in bike-sharing systems) [182], opera-
tion [53], [67], [100], [110], [164], [185], [194], [199], trans-
portation/travel [67], [101], [154], [194], [199], time [160]
or generalised [84], [152] costs. Also, revenue is used as
an umbrella term and may include other similar terms,
such as profit and benefit. This consideration was made in
order to improve the readability and clarity of this review
article. As final remarks, it is interesting to point out that
Luo et al. [72], Wu et al. [124], Nesheli et al. [127], and
Zhang et al. [134] analysed GHG emissions in their studies,
but the estimates were not included in the optimisationmodel.
More details of the studies presented in this subsection can be
found in the Appendix.

B. ENVIRONMENTAL VARIABLES
This subsection comprises studies that explicitly included
environmental variables or transport emissions in the optimi-
sation models. As most of these studies focused on reducing
emissions, optimisation has been applied to infrastructure,
energy, and operation planning, traffic management, modal
integration, and new mobility forms.

Although systems related to cycling are currently the
focus of several researches in urban mobility, the inclusion
of sustainability or environmental aspects in optimisation

problems formulated for such systems is still scarce. In this
sense, only three studies could be considered within this
subsection. Doorley et al. [135], considering a network of
cars and bicycles, sought to design cycling networks. For
bike-sharing systems, Gámez-Pérez et al. [131], in a network
design problem, aimed at determining the number and
location of stations, and Wu et al. [102] focused on creating
a bike rebalancing scheduling plan using EVs. For buses,
studies applied optimisation to design the main powertrain
components of electric buses (fuel cell, electric motor, and
battery) [120], [129], for locating charging facilities [36],
[39], [133], for network design (routes) and frequencies set-
ting [56], [57], [81], [118], fleet composition [81], [122], and
vehicle scheduling [81], [119], [123], [132]. In rail systems,
studies sought to determine station location [144] and to
elaborate a dynamic operation plan for a ventilation control
system in metro stations [138]. There were two studies that
focused on shared mobility, aiming at determining station
location [141], routes, scheduling, and fleet sizing of shared
systems in suburban contexts [142]. Studies that considered
only cars as mode of transport focused on road segment
deployment [114], traffic routing/management [44], [49],
[139], traffic signal plans [137], and on the deployment of
cordon-based pricing tolls [48].
Multimodal studies included a variety of mode com-

binations and decision variables. Si et al. [43] analysed
policy measures as congestion tolls and transit fares con-
sidering bicycles, buses, and cars. Li and Lu [87] aimed
at determining an optimal urban passenger transportation
structure, considering bicycles, buses, rail systems, and cars.
Meng et al. [55] proposed a model for multimodal traffic
assignment in a network with buses, electrical bicycles,
and cars. For networks considering buses and cars, Sharma
and Mathew [42] analysed the expansion of road network
capacity and Ye et al. [146] sought to determine the
deployment and operation of recharging facilities for buses
and private EVs. Asghari et al. [140] aimed at designing
a sustainable and efficient ride-sharing service (employee
transportation service), considering as alternative options
the private cars and the public transport by bus. Authors
investigated public transport (buses and rail systems) through
network design (station location and routes) and frequencies
setting [143], [145] and through an analysis for establishing
an effective subsidy scheme to reduce GHG emissions [61].
Feng et al. [40] investigated car ownership and number
of trips in a network considering cars and other modes;
Yang et al. [41] had a similar approach considering buses and
cars, focusing on estimating the maximum car ownership per
zone and subsequent network flow. Finally, Qiang et al. [66]
had a similar purpose of Li and Lu [87], but additionally
considering walking as a transport mode.

Regarding the objective functions, all the studies consid-
ered more than one perspective. Loy-Benitez et al. [138]
considered the passengers’ and operators’ perspectives
by minimising indoor PM10 concentration and ventilation
energy consumption ofmetro stations. Regarding passengers’
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and community’s interests, Duran et al. [56] and
Abudayyeh et al. [137] aimed at minimising total travel time
and CO2 emissions, while Doorley et al. [135] sought to
maximise societal benefit through a function of travel and
infrastructure costs, health impacts, traffic collisions, and
environmental impacts. Other studies combined operators’
and community’s interests [36], [40], [61], [66], [102], [114],
[119], [120], [122], [123], [129], [131], [133], [142], [146],
and the three perspectives together [39], [41], [42], [43], [44],
[48], [49], [55], [57], [81], [87], [118], [132], [139], [140],
[141], [143], [144], [145]. The functions itself sought to
minimise uncovered/unsatisfied demand [141], passengers’
travel time/cost [42], [43], [44], [48], [49], [55], [56], [81],
[118], [144], staff dissatisfaction [140], minimise costs or
maximise revenue [36], [55], [57], [61], [81], [87], [102],
[114], [120], [122], [129], [131], [132], [133], [140], [141],
[142], [143], [145], minimise energy consumption [36],
[66], [114], [133], fuel consumption [120], [139], dis-
tances travelled by vehicles [118], ecological/environmental
impact [81], [87], [144], andminimise emissions ormaximise
reduction in emissions [36], [42], [44], [48], [49], [56], [114],
[118], [119], [122], [123], [129], [131], [132], [133], [140],
[141], [146]. Some authors applied more specific functions as
maximise car ownership and total number of trips, with user
equilibrium assignment models at the lower level [40], [41],
minimise social-cost (congestion and environment pollution)
[43] and Gini coefficient [49], maximise environmental
equity [39], social welfare [48], [61], and transportation
utility [87]. As in the previous subsection, costs may
represent operation [102], [132], operators’ [57], [81], users’
[81], [143], agency’s [143], transportation/travel [48], [55],
[140], vehicle [120], external [57], generalised [55], [87],
[133], [145] or life cycle [36], [114], [122] costs. Also,
some authors considered sustainability through emissions
costs [102], [145].
At last, one important aspect is which emissions were

considered in the reviewed studies. Authors have included
carbon [87], [102], carbon monoxide (CO) [40], [41], [42],
[43], [48], [55], [61], [118], [122], [123], [145], carbon
dioxide (CO2) [41], [55], [61], [66], [81], [122], [123],
[131], [132], [137], [139], [140], [141], [142], GHG/CO2
equivalent [36], [114], [119], [120], [129], [133], [135],
[143], [144], [146], generic nitrogen oxide pollutants (NOx)
[42], [44], [49], [61], [122], [123], [132], [145], hydrocarbons
(HC) [42], [61], [123], [145], methane [61], sulphur dioxide
(SO2) [122], diesel exhaust emissions [57], and particulate
matter (PM [123], [132], PM2.5 [39], [119], [122] and PM10
[122], [138]). More details of the studies presented in this
subsection can also be found in the Appendix.

C. DEMAND AND TRAFFIC MANAGEMENT
This subsection analyses studies related to transport demand
management, covering strategies to avoid and reduce unnec-
essary motorised travels, and, therefore, emissions, such as
infrastructure and operation planning, integration with land
use planning, modal integration, and traffic management.

In addition, the details of the studies presented in this
subsection can be verified in the Appendix.

1) URBAN PLANNING AND LAND USE
These studies have a slightly different pattern than the others,
as their decision variables focused mainly on allocating land
use and defining the urban densities, while the modelling
of the transport system was usually included as objective
functions or constraints of the problem. Also, most of
the studies were explicitly aligned with transit-oriented
development principles [38], [50], [59], [65], [85], [88], [91],
[97], [181].

Among these studies, the most common transport mode
was rail system [38], [59], [65], [85], [88], [91], [181],
followed by cars [37], [45], [50], [121]. There were two
multimodal studies [97], [151] and one that analysed
walking [177]. Authors who have worked with land use
allocation have focused on determining the type of use of a
given urban land parcel [37], [38], [50], [59], [85], [88], [97],
[121], [177], [181] and the densities of these parcels [38],
[59], [85], [88], [97]; Hammad et al. [37] also considered the
expansion of the road network and Shahraki and Turkay [121]
included other transportation decision variables (average
demand, route choice, average flow and capacity expansion
of each network link). Other decision variables include
determining the location of rail stations [65], analysing
scale independence in jobs-housing and commute efficiency
metrics [151], designing a sustainable urban land use and
transportation system [45], and elaborating a land use and
transportation development plan [91].

The studies were more interconnected than the studies
in the previous subsections in terms of perspectives of
passengers, operators, and community. There were similar
objective functions to those subsections, such as: minimising
travel costs [85], [88], [91], [151], travel times [37], [50], and
the total walking distance from station to destinations [97];
minimising the total system travel time by land use allocation
and path travel times [50]; maximising accessibility [65],
ridership [59], [65], [85], [88], [91], [97], [181], and net
suitability [177]; minimising the flow pattern (in stochastic
location and route choice equilibrium) and maximising
a robust risk-averse function [45]; maximising reliability
probability and utility, minimising CO emission, and max-
imising utility value [121]. However, as already mentioned,
most of the studies considered interconnected passengers’,
operators’, and the community’s interests.

As the main purpose of these studies was land use
allocation, the objective functions focused on maximising
land-use compactness [59], [65], [85], [88], [97], degree of
mixed land use [59], [97], land value [59], overall land use
status [88], economic and social value [38], and adaptability
degree, and minimising the conflict degree level between the
adjacent land cells or between land uses [59], [65], [85], [88],
[97], costs (buildings’ construction [37], connection costs
of all the metro trips resulting from the developments of
all the undeveloped land cells [85], land-compensation costs
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and road investment costs [91]), total carbon emissions from
users on the traffic network [37], [121], noise pollution [37],
pollution treatment and/or control costs [59], [65], [97], and
environmental impacts [38], [85], [88].

2) TRAFFIC MANAGEMENT ON CONGESTED NETWORKS
There were eight studies that applied traffic management
techniques and optimisation. The transport modes included
cars [58], [60], [136] and multimodal networks of bicycles,
buses, cars, rail, and shared mobility systems [95], of buses
and cars [157], and of buses, rail systems, and cars [125].
The decision variables included network design (corridors
and/or stations’ location, routes) [58], [64], [95], [125],
network modifications (to reverse road traffic flow or to leave
it unaltered) [136], frequencies setting [95], [125], [197],
fleet sizing [197], policy variables [58], [125], [157], modal
split [64], and trafficmanagement [46], [60]. For decisions on
policy variables, Dantsuji et al. [157] sought to determine the
level of congestion pricing for the cars and the road space
required for both two modes (buses and cars), e.g., using
mixed or dedicated lanes, Li et al. [58] aimed to design a
toll model, and Amirgholy et al. [125] analysed different
scenarios with mixed network (bus), dedicated lanes (BRT)
and parallel network (metro). Traffic management strategies
included traffic signal plans [60] and traffic assignment
solutions [46].
Objective functions were related to minimise traffic den-

sity/volume [46], [136], [197], travel times [197], congestion
cost [157], total system travel disutility and each road user’s
travel disutility [58], passengers’, operators’, and external
costs [125], total passengers’ travel times, construction costs,
modal shift value, and balanced use value [95], travel delay,
stops, fuel consumption, and integrated performance index
(including CO, HC and NOx emissions) [60], total vehicles’
emissions cost [136], and to maximise traffic flow [46].
At last, as the decision variable of Feng et al. [64] waswhether
to implement a policy instrument (bus fare, additional private
car toll, bus lane construction, and large-scale bus fleet
purchase) to change the current modal split into a more
sustainable one, the objective function aimed to minimise
the difference between the actual and desired proportion of
eachmode after a combination of traffic demandmanagement
policy instruments.

D. TECHNOLOGY AND ENERGY
Optimisation techniques in technology and energy studies
involved mainly energy infrastructure and operation plan-
ning, energy generation technologies, EVs, and electric
buses. In total, this subsection comprises 40 articles, which
details can be found in the Appendix.

Two studies analysed bike-sharing systems and personal
mobility. Balacco et al. [188] sought to determine the
number of docks at electric bicycle charging stations, with
a charging system based on pumps used as turbine, and
Kwag et al. [159] to determine the installation of wireless

charging infrastructure (both static and dynamic) at tourist
locations, considering electric scooters.

Bus studies focused on determining charging facility
location [103], [163], [166], [167], [170], [184], [189], [198],
[200] and capacity [163], routes [163], [200], bus schedul-
ing [80], [155], [166], [167], fleet sizing [163], vehicle
design [103], [163], and fleet charging schedule [108], [165],
[180]. Regarding energy planning, Ifaei et al. [115] aimed at
determining the best option of photovoltaic (PV) panels to
be implemented on the roof of buses for the electrification
of public transport, and Elkamel et al. [105] at determining
the schedules of power-generating units in order to supply
an electric mobility system. Studies involving rail systems
focused on charging facility location [112], routes [86], rail
scheduling [96], and operational aspects (acceleration, speed)
[96], [111], [112].

In terms of cars, the studies sought to determine the
assignments of charge stations at workplaces [113], the
direction of the transfer of electricity between PV modules,
battery storage, EVs, and the grid [116], charging facility
location and capacity [158], [201], EVs routes [99] and
charging schedule [178]. Besides allocating EVs charging
stations, Gholami et al. [201] also aimed at including smart
photovoltaic inverters in distribution networks. Regarding
energy planning, He et al. [54] sought to determine optimal
electricity prices at public charging stations for EVs and
Chakrabarti et al. [130] to determine the operation of district
heat networks to recharge EVs. For shared mobility systems,
studies focused on charging facility location and capac-
ity [183], charging schedule [107], [117], fleet size [107],
designing the service area [126], and EV relocation plan [77],
[168], [183]. As remarks, Corinaldesi et al. [162] sought to
investigate the economic potential of deploying residential
car sharing systems, defining tenants’ investment and oper-
ation (investment decisions, PV system data, battery storage
capacity), and Lamedica et al. [107] proposed a model to
develop an e-mobility service for people with disabilities.

Last, Beltran et al. [149] aimed to determine the set of
terminals, routes, and frequencies of green vehicles for public
transport on a multimodal (buses and cars) network, besides
determining the network flows. In a multimodal network
with bicycles, buses, cars, and shared mobility systems,
Piazza et al. [106] sought to define and design electrical
services for a local energy community, which takes energy
from a microgrid based on the exploitation of renewable
energy sources and storage systems. Their study aimed at
determining many variables, such as: the number of new
PV panels; the number of new energy storage systems;
the number of new EVs (cars and bikes); the number of
new charging stations for EVs; the power exchanged with
the distribution grid; the power produced by the PV plant;
the power absorbed from/injected into the energy storage
systems; the power charged to/discharged from the electric
shuttle when connected to its charging system; the power
charged to EVs; and the satisfied transportation demand
of the EV sharing system. Brozynski and Leibowicz [128]

VOLUME 12, 2024 63033



T. Borchers et al.: Comprehensive Survey and Future Directions on Optimising Sustainable Urban Mobility

aimed at developing an energy system for urban-scale
decarbonisation, determining a climate plan with emissions,
electricity generation, and private and public vehicle fuels’
mixes.

Recharging facilities include stations [113], [158], [166],
[170], [178], [183], [188], [189], [198], [200], [201], wireless
charging infrastructure, which can be divided into static (sta-
tions) [159] and dynamic wireless charging infrastructures
(roads) [103], [114], [159], and quick charger machine [184].
Renewable energy sources considered in the studies are
solar [106], [108], [114], [115], [116], [128], [162] and
wind [105], [128], [178].
Regarding the objective functions, most of the studies

considered the operators’ perspective. Nevertheless, the
passengers’ interests were modelled by minimising uncov-
ered demand [188], the monetary value due to delay of
all EV travellers that need recharging [158], and energy
consumption [99], [162]; Qin et al. [99] considered link
travel speeds and waiting times at signalised intersections in
the energy consumption modelling. Chakrabarti et al. [130]
included the minimisation of CO2 emissions, considering
the community’s perspective. For operators’ interests, the
functions sought to minimise costs [54], [80], [103], [107],
[108], [113], [115], [116], [117], [128], [155], [158], [159],
[162], [165], [166], [167], [170], [178], [180], [189], max-
imise revenue [77], [105], [106], [112], [116], [126], [130],
[168], [183], minimise energy consumption [86], [96], [111],
[112], network losses and voltage deviation [189], [201],
power losses in the distribution grid [54], [201], the number of
active charging stations and the average extra stop time [198],
the number of charging facilities [184], vehicle-specific-
power [115], and maximise electrified vehicle mileage [163].
Passengers’ and operators’ interests were combined by min-
imising users’ costs and the number of fast chargers [200].
Considering passengers’, operators’ and community’s per-
spective, Beltran et al. [149] sought to minimise costs for
users, operators, and externalities in a multimodal transport
system. Costs may represent daily [165], annualised [113],
[115], [166], or life cycle [167], investment [159], purchas-
ing [80], [107], [113], [116], [170], construction [113], [116],
[158], [170], maintenance [116], operation [80], [108], [113],
[116], [117], [165], charging [107], [180], generalised [178],
and travel [54], [200] costs.

E. NON-SPATIAL MEASURES
According to Aminzadegan et al. [6], economic factors
as imposing fuel taxes or eliminating fuel subsidies, and
converting external into internal costs would be perceived
as costlier, presenting a potential to reduce emissions.
However, no studies were found in line with this issue.
The studies found in the literature involving non-spatial
measures sought to determine which was the best investment
(in modernised diesel jeepney or in e-jeepney) to a public
transport system [171], develop a monetary incentive plan
so a company can find the optimum commute plan for
its employees, encouraging them to change their existing

commute behaviour [104], design an incentive plan for
passengers to switch from private to public transport service
tomitigate traffic congestion and achieve sustainability [161],
elaborate operational and subsidy plans for an urban rail
system [69], and to determine the fare for passengers, train
operation headway for operators, and an operational subsidy
to the sustainable development of an urban rail system [75].

Regarding the objective functions, studies sought to
maximise the value of the investment [171] and social
welfare [161], and to minimise the total equivalent social
cost of negative environmental impacts and total com-
mute time [104], the difference between operating costs
and income [69] and operational subsidy for flat and
distance-based fare regimes [75], considering operators’
and community’s perspectives. More details of the studies
presented in this subsection can be analysed in the Appendix.

V. ALGORITHMS AND COMMERCIAL SOLVERS
In order to solve the mathematical models of optimisation
proposed by the authors mentioned in the previous section,
it was used both mathematical programming-based com-
mercial solvers and heuristics/metaheuristics. In this sense,
Table 2 summarises the commonly used techniques. For stud-
ies using mathematical programming, commercial solvers as
IBMCPLEX® and Gurobi® are the most frequent ones. For
heuristic and metaheuristic techniques, genetic algorithms
(GA) are the most employed, especially the NSGA-II
(Non-dominated Sorting Genetic Algorithm II). Hybrid
heuristics, simulated annealing and particle swarm-based
algorithms were also found. Usually, authors have made
modifications, customisations or proposed enhancements
to the classic/canonical algorithm. The case that stands
out the most is the NSGA-II, that was improved/modified
by [42], [49], and [85]. Also, Almasi et al. [196] have
compared a GA (single objective) to the NSGA-II (multi-
objective). Hybrid heuristics mentioned in Table 2 comprises
a combination of a hybrid GA and the adaptive destroy-and-
repair algorithm [89], GA with local search [164], adaptive
GA and Granular Tabu Search [82], Large Neighbourhood
Search-GA [187], improved multi-objective backtracking
search GA [192], hybrid tabu search - immune GA [167],
variable neighbourhood search and enhanced simulated
annealing algorithm [84], genetic search with advanced
diversity control [95], and max–min ant system algorithm
integrated with the Frank–Wolfe and Dial algorithms [91].

Focusing on implementation and modelling, Table 3
summarises the model validation metrics, the commonly
used programming environments/languages, and the sim-
ulation platforms. Sensitivity analysis is the most often
used way to validate the performance of the optimisation
algorithms. However, other studies measure the algorithm
efficiency/performance by considering the CPU time and
convergence. Additionally, there were approaches that com-
pared their techniques’ behaviour with the state-of-the-
art or with the classic/canonical algorithms. Less frequent
validation strategies were made by comparing the proposed
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TABLE 2. Optimisation techniques commonly used in the state-of-the-art articles.

techniques with commercial solvers and by comparing
the model results to real data. In terms of programming
environment/language, MATLAB, Python, GAMS (General
Algebraic Modelling System) and AMPL (A Mathematical
Programming Language) were the most used. It is important
to mention that MATLAB is still the most used due to
the integration in the same environment of the optimisation
technique and the mathematical model with the execution
of simulations of dynamical systems. Moreover, there are
authors that integrate traffic simulators and GIS (Geographic
Information System) softwares mainly with Python.

VI. FUTURE DIRECTIONS
Although there were some studies that directed their efforts
to investigate the social aspects of the transport sector, few
solutions considered these aspects in the optimisation field,
which focus relied mostly on operational aspects. Therefore,
some research opportunities rely on expanding the modelling
of optimisation problems including the analysis of benefits
generated for the community and/or considering the perspec-
tives of passengers, operators, and the community simulta-
neously. This can be addressed, for example, by designing
equitable operation systems to maximise the overall benefits,
considering benefits of public transport and bike-sharing
systems on reducing trips made by cars, assessing traffic
accidents and human health impacts, and analysing general
improvements in the quality of city life and the urban
environment, while also considering operational aspects.
To reduce existing urban inequalities, special attention should
be devoted to traditionally disadvantaged communities.

Related to each mode of transport, there are few studies
on cycling networks and on electric bicycles in bike-
shared systems, its operation and system deployment. For
public transport, especially buses, a large body of studies
already exists, but it is still possible to explore aspects of
sustainability within systems, expanding and incorporating
mainly the community perspective into analyses, since pas-
sengers’ interests (e.g. travel times) and operators’ interests
(e.g. costs and revenue) are widely documented. It is also
possible to explore power supply sources for electrical
systems, or alternative priority infrastructure schemes, such

as dynamic or intermittent bus lanes. For cars and shared-
systems, analysing the impact of EVs penetration on the grid
should continue to be a research trend. Henceforth, much
remains to be investigated in terms of restricted parking
zones, roads with reduced speed, different congestion pricing
schemes, and integration of MaaS strategies with ‘‘tradi-
tional’’ transport systems, for example, integration between
bike-sharing systems and public transport, and the impact of
such measures on GHG emissions and climate change.

Another area for contributions concerns creating models
to integrate different modes of transport and integrating
transport systems and land use planning, or improving
current ones. There are several future research directions
to answer open questions. One of those is including trip
distribution, mode choice and traffic assignment problems
into the optimisation. As presented in section IV, so far this
was done by multi level formulations. Future studies may
include or improve travel choice behaviour, mode choice,
modal shift patterns, modal split, dynamic traffic assignment,
and other behavioural models for travellers’ route choice
into the optimisation models; the impacts of psychological
/ soft measures in modal shift patterns could also be included
and further investigated. The unanswered questions also may
be addressed by designing multimodal networks, developing
trip distribution, modal split, and trip assignment problems
considering the land use effect, and investigating the extent to
which changes in density and land use mixture would affect
transit share, trip length distribution, vehicle emission, and
pollution rates.

Another direction is including or expanding demand
models in the mathematical formulation of optimisation
problems, with demand anticipation models, dynamic/time-
varying demand, induced demand, uncertain demand, poten-
tial demand, demand changing factors, and estimating the dis-
tribution of passenger flow using sensor data, such as cellular
signalling data, for example. It is also possible to address
demandmodelling by predicting the behaviour of passengers,
incorporating personal preferences, accounting behavioural
difference of heterogeneous users, incorporating psycholog-
ical factors into travel demand models, and by analysing
external influence (e.g. weather conditions) on demand.
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TABLE 3. Implementation and modelling aspects.

Besides demand aspects, sources of uncertainty should be
considered in future studies. Uncertainty may be considered
in travel times, network, parameters, demand, and energy
consumption rates. Traffic conditions may also represent a
source of uncertainty. Even though some studies are already
investigating congested networks, the trend of increasing
congestion keeps this as a direction of future studies, which
can be addressed by considering advanced traffic prediction
techniques,more extensive approaches for traffic inputs, such
as real time traffic conditions and interaction between mixed
traffic.

Regarding technology and energy, there are gaps
concerning vehicles and fuels, as further analysing
environment-friendly alternative fuels, hybrid and electric
vehicles, and evaluating the impact of a transition towards
hybrid and electric vehicles for private and public transporta-
tion, especially regarding the depletion of non-renewable
resources. The research gaps can be addressed by further
analysing these technological innovations, improving fuel
efficiency, environmental benefits, and air quality. One future
direction includes improving operational aspects of EVs,
as the size and operation of energy storage systems and the

impact of charging types on the energy storage lifespan of
the vehicles. Also, there are unanswered questions regarding
the impact of digitalisation itself of transport systems, i.e.
how the insertion of technology — rather than vehicle
technology — can be used for reducing the consumption of
energy in transportation.

Another possibility of contribution concerns the inte-
gration of transport and energy planning, which is still
limited so far. Research opportunities regard integrating the
network operational demand and the power generation and
distribution systems, creating more realistic energy consump-
tion models, including detailed manufacturer’s information,
analysing the impact of EVs on the grid, and further
investigating different charging methods. Energy modelling
can also be enhanced by including a more detailed scheduling
of charging schemes to capture the effects of electricity
consumption rate fluctuating during the day, dynamic energy
consumption models, and dynamic charging policies. It is
also possible to expand the optimisation studies of the
energy systems that supply the mobility systems, investi-
gating alternative energy-saving schemes and the impact of
different renewable energy sources, and also introducing
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TABLE 4. Planning and policy-making studies.
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TABLE 4. (Continued.) Planning and policy-making studies.

new balancing alternatives to the grid. Finally, it may be
possible to improve currentmodels intomore realistic ones by
implementing pilot projects of some technologies. These pilot
projects could provide real data for improving optimisation
modelling.

The analysis of environmental impacts and emissions can
be further improved, as in the current studies they generally

appear as secondary objectives or have little emphasis. This
gap can be addressed by expanding the evaluation of the envi-
ronmental impacts of the proposed technologies and systems,
creating more sophisticated emission models, incorporating
other pollutants besides CO2 and, consequently, analysing
not only the environmental but also human health impacts
and considering pollutant emissions from different modes of
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TABLE 5. Environmental variables studies.
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TABLE 5. (Continued.) Environmental variables studies.

transportation in urban transport systems. The resilience of
urban transport networks can also be better integrated into
optimisation models.

Other research opportunities are related to the expansion
of studies involving life cycle cost analysis, investigating
the long-term environmental impacts and emissions, making
the proposed systems more sustainable in the context of
climate emergency. This analysis would shed light on the
discussion of where to direct our efforts towards a fair and
sustainable transition on energy and mobility systems. Few
studies were found in the area of economic studies and
non-spatial measures. Despite being difficult to indicate a
research trend, it is possible to point out that more studies
are needed in terms of fuel and energy transition economical
incentives, financing of public transport and active transport
systems, such as subsidy schemes to cheapen transport
fares as a measure of mode shift. Also, contributions can
be made regarding the demand impact of fare integration
within different modes, systems, and operators. The conflict
between different operators / stakeholders regarding the share
of revenue withinMaaS services remains not addressed in the
optimisation literature field.

Other enhancements can be achieved to push the transport
optimisation area further, for example, by formulating and
solving more complex multi-objective or bi-level optimi-
sation problems, incorporating online control algorithms
into the proposed models, exploring hybrid algorithms for
improving both computation efficiency and solution quality,
and comparing the optimisation results of different heuristic
algorithms. As a final remark, the problem of model/network
complexity persists, i.e. more complex models are usually
applied in theoretical networks, lacking real applications.
On the other hand, models applied in real networks tend to
be more simplified. Thus, problems related to large-scale
networks continue to have modelling, solution, and computa-

tional difficulties. Future research directions include handling
large-scale network problems and extending the models to
more complex transport networks, such as the multimodal
networks mentioned above andmetropolitan areas’ networks,
which have several modes and operators.

VII. CONCLUSION
This survey described the trends in the field of sustainable
urban mobility optimisation, considering passenger trans-
portation. Besides updating previous surveys/reviews that
focused on transport network planning, this survey synthe-
sised information on how optimisation techniques may con-
tribute to promote more sustainable transport modes, decar-
bonisation of the sector, and reduction of GHG emissions.

Several modelling aspects were shown, such as sus-
tainability aspects (economical, environmental, and social),
the nature of objective functions, the interests considered
in the modelling, and the network application. Around half
of the studies explicitly considered sustainability in the mod-
elling, but most of them addressed only the environmental
aspect of it. Also, most of the mathematical formulations
were done with single objective functions and considering the
operators’ perspective. From that, it was possible to suggest
that future research could be more focused on social aspects
of transport optimisation, with more complex models (multi-
level and/or multi-objective), and take into consideration
the interests of passengers, operators, and the community
simultaneously. Although most of the studies were applied
in real networks, handling large-scale networks remains one
problem to be addressed in the future.

Most of the studies focused on planning the transport
networks (bike-sharing, bus and rail systems, multimodal
networks) by defining infrastructure and/or operation aspects
as location of stations, corridors, routes, frequencies, and
vehicle scheduling. Concerning sustainability, the studies
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TABLE 6. Demand and traffic management studies.

that included environmental objectives and the pollutants
were detailed, while demand and traffic management
covered studies that integrated urban planning and land
use to transport planning, and congested networks analysis.

Technological enhancements as EVs and energy planning
were also presented, covering the type of recharging facilities
and systems and the renewable energy sources found. Lastly,
non-spatial measures covered only a few articles discussing
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TABLE 7. Technology and energy studies.
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TABLE 7. (Continued.) Technology and energy studies.

TABLE 8. Non spatial studies.

investments, subsidies, and fares of public transport systems.
In this sense, the main research gaps were identified in the
area of urban passenger transport optimisation. The main
conclusions point toward including social and human health
benefits and quality of life promoted by sustainable transport
systems into the optimisation models. Regarding studies of
non-spatial measures, it was clear the potential for expanding
analyses of fare, subsidies, and public transport financing
optimisation as measures of mode shift.

Besides synthesising information on how optimisation
techniques are already applied for mitigating climate change
through urban and transport planning, topics for future
investigation are also provided, as well as directions
for enhancements to the optimisation models, allowing
researchers to make use of this comprehensive survey to
further deepen their studies in the transport sector, essential in
the context of climate emergency in which we find ourselves.

As a final remark, it is also important to point out that,
although optimisation techniques are methodologies with
high computational power, they often lack tools for modelling
citizen participation processes, i.e. despite having excellent
mathematical and computational performance, the models
can fail in basic aspects related to sustainable mobility
planning such as democratic participation. It should also be
emphasised that the modelling process can be affected by
the biases of the researchers themselves. These limitations
must be carefully considered when applying optimisation in
the area of transport planning, especially when using these
techniques to elaborate or give support to sustainablemobility
plans.

APPENDIX A
PLANNING STUDIES
See Table 4.

APPENDIX B
ENVIRONMENTAL VARIABLES STUDIES
See Table 5.

APPENDIX C
DEMAND AND TRAFFIC MANAGEMENT STUDIES
See Table 6.

APPENDIX D
TECHNOLOGY AND ENERGY STUDIES
See Table 7.

APPENDIX E
NON-SPATIAL STUDIES
See Table 8.
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