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Abstract

:

In this paper, a review of the main actions and policies that can be implemented to promote sustainable mobility is proposed. The work aims to provide a broad, albeit necessarily not exhaustive, analysis of the main studies and research that from different points of view have focused on sustainable mobility. The structure of the paper enables the reader to easily identify the topics covered and the studies related to them, so as to guide him/her to the related in-depth studies. In the first part of the paper, there is a preliminary analysis of the concept of sustainable mobility, the main transport policies implemented by the European Union and the USA, and the main statistical data useful to analyze the problem. Next, the main policies that can promote sustainable mobility are examined, classifying them into three topics: Environmental, socio-economic, and technological. Many of the policies and actions examined could be classified into more than one of the three categories used; for each of them, there is a description and the main literature work on which the topic can be analyzed in more detail. The paper concludes with a discussion on the results obtained and the prospects for research.
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1. Introduction


The concept of sustainable mobility derives from the broader concept of “sustainable development”, defined as the “development that meets the needs of the present without compromising the ability of future generations to meet their own needs” [1]. The term “sustainable mobility” was coined five years later [2]; the following overall objective is associated to sustainable transport: “To ensure that our transport systems meet society’s economic, social and environmental needs whilst minimising their undesirable impacts on the economy, society and the environment” [3]. All the main definitions found in the literature stress that it is not enough to refer to environmental aspects, although they are of primary importance, but also social and economic impacts must be taken into account. Moreover, strategies to pursue the objective of sustainable mobility cannot be limited to producing/using less polluting transport systems, although this is of fundamental importance.



Promoting sustainable mobility is one of the most widespread objectives in transport policy, at all territorial levels, whatever the “political color” of the decision-maker. Nowadays, no plan, project, or policy direction concerning the transport sector does not (at least) mention the concept of sustainable mobility. From a scientific standpoint, the international literature has been and continues to be massively interested in the subject, from multiple points of view (technological, territorial, urban, social, economic, health, etc.). For example, to date (3 April 2020), the words “sustainable mobility” or “sustainable transport” in a generic web search are quoted about 4.23 million times and are contained in over 60,000 publications indexed on Google scholar, and over 18,500 publications indexed on Scopus. Many other references can be found in languages other than English.



A survey report on this argument is, therefore, a difficult challenge and, necessarily, will not cover all possible facets of the problem or be exhaustive. In this paper, the state of the art on sustainable mobility will be covered from three main angles: Environmental, socio-economic, and technological.



1.1. Related Works


In the literature, several reviews can be found on sustainable mobility or some of its single topics; limiting to some of the most recent ones only, here we refer to [4,5,6,7,8,9,10,11,12,13,14,15,16,17,18]. In [4], the effects of technology on promoting the shift in behavior towards sustainable transportation modes are investigated. Gonzales Aregall et al. [5] reviewed green port strategies for reducing negative externalities on hinterlands. The innovative strategies for last-mile logistics were reviewed in [6]; another review on sustainable logistics is proposed in [17]. Taiebat et al. [7] reviewed the implications of connected and automated vehicles on sustainable mobility; the prospects of autonomous driving were studied also in [12]. Reviews on shared mobility were proposed in [8] and [10]. Electric mobility was examined in [9] and [11]. Technological innovations in transit systems and their impact on environmental and social sustainability are studied in [13]. More general reviews on sustainable mobility can be found in [14,15,16,18].



This paper tries to give an overall description of the subject and the individual topics, focusing on the importance of the contribution that each topic can give in the near future to sustainable mobility.




1.2. Methodology


The review was based on the following classic steps: (a) Choice of sources; (b) keyword search; (c) screening and selection of papers; (d) in-depth analysis of the main topics covered.



The sources used were: (a.1) Scopus, Science Direct, and MDPI site, for scientific papers; (a.2) Google for technical and transport policy reports, and some proceedings; (a.3) specific sites for some topics or data (World Health Organisation, Environmental European Agency, European Commission, Eurostat, Environmental Protection Agency, etc.).



The keyword search was addressed to (b.1) general keywords (“sustainable mobility”, “sustainable transport”, “transport and environment”, “sustainability”, etc.); (b.2) specific keywords for each topic (“air pollution”, “car-sharing”, “noise”, “ecodriving”, etc.), combined with “transport”, “transportation”, “traffic”, and “mobility”. Moreover, other papers were identified by examining the references of more recent papers.



The papers found with this keyword search were very numerous. A careful analysis and selection phase was necessary, knowing that an exhaustive review would not be possible. The selection criteria were based on (not in order of importance): (c.1) Diffusion and prestige of the place of publication; (c.2) type of product, favoring journal papers over conference proceedings; (c.3) centrality of the paper with reference to the topic in which it is cited; (c.4) date of publication, favoring the most recent ones, all other characteristics being equal; (c.5) diffusion in the scientific community based on citations.



Finally, for each topic, further research was carried out by examining other work mentioned in the papers selected in the previous phase.




1.3. Structure of the Paper


Many topics related to sustainable mobility can be classified in more than one of the 3 categories listed above. For example, electric cars can be classified both from a technological and environmental point of view. In Table 1, the main topics we will discuss in this paper are presented by theme. The circle indicates the theme in which the topic is covered, while × indicates another point of view in which the topic can be classified.



The main purpose of this paper is to provide the reader, after a brief analysis of the problem, with an overview of the main policies and actions that can promote sustainable mobility. The references reported also allow those who want to deepen a single topic to have a solid basis for specific research. Finally, the paper can be useful to policymakers as it provides a compendium of actions that can be implemented or included in wider transport policy programs.



This paper is organized as follows. Section 2 examines the main transport policies and statistical data on sustainable mobility. Section 3, Section 4 and Section 5 examine environmental, socio-economic, and technological topics, respectively. Section 6 discusses the results and Section 7 concludes.





2. Transport Policies and Statistical Data


2.1. Transport Policies


European transport policy has always focused on the sustainability aspects of transport. The White Paper on Transport [19] outlines the transport policy for 2050. European transport policy aims at a 60% reduction in greenhouse gas emissions by 2050, with the following 10 targets:




	1. 

	
“Halve the use of ‘conventionally fuelled’ cars in urban transport by 2030; phase them out in cities by 2050; [...].




	2. 

	
Low-carbon sustainable fuels in aviation to reach 40% by 2050; also by 2050 reduce EU CO2 emissions from maritime bunker fuels by 40% (if feasible 50%).




	3. 

	
Thirty per cent of road freight over 300 km should shift to other modes such as rail or waterborne transport by 2030, and more than 50% by 2050, [...].




	4. 

	
By 2050, complete a European high-speed rail network. Triple the length of the existing high-speed rail network by 2030 and maintain a dense railway network in all Member States. [...]




	5. 

	
A fully functional and EU-wide multimodal TEN-T ‘core network’ by 2030, with a high-quality and capacity network by 2050 and a corresponding set of information services.




	6. 

	
By 2050, connect all core network airports to the rail network, preferably high-speed; ensure that all core seaports are sufficiently connected to the rail freight and, where possible, inland waterway system.




	7. 

	
Deployment of the modernised air traffic management infrastructure (SESAR) in Europe by 2020 and completion of the European common aviation area. [...].




	8. 

	
By 2020, establish the framework for a European multimodal transport information, management and payment system.




	9. 

	
By 2050, move close to zero fatalities in road transport. In line with this goal, the EU aims at halving road casualties by 2020. [...].




	10.

	
Move towards full application of ‘user pays’ and ‘polluter pays’ principles and private sector engagement to eliminate distortions, including harmful subsidies, generate revenues and ensure financing for future transport investments.” [19].









Some of these goals are very ambitious. For example, the former calls for the complete elimination of the use of conventional fuel cars in urban areas by 2050 and their halving by 2030. It can be seen that most of the objectives listed (from 1 to 6), which should, therefore, guide European transport policy over the next 30 years, tend to promote and develop sustainable mobility, with a strong emphasis on rail transport for passengers and goods and reducing the use of transport systems and fuels that have a strong environmental and climate-changing impact. Goal 9 focuses on another important aspect of sustainable mobility: Transport safety. Goals 7 and 8 promote investments in technologies, while goal 10 tries to introduce more equity by charging more for the use of infrastructure and the production of pollution, also to gather resources to finance investments in the transport sector.



A more recent document [20] addresses the issue of sustainability in Europe until 2030, including mobility issues. About mobility, this paper refers to the Action plan for low-emission mobility [21] that states “Low-emission mobility is an essential component of the broader shift to the low-carbon, circular economy needed for Europe to stay competitive and be able to cater to the mobility needs of people and goods”. This document confirms the main goals provided in the White Paper and identifies the following pillars of the action plan, underlining the centrality of sustainable mobility in the European transport policy:




	
Optimizing the transport system and improving its efficiency (ITS, pricing, multi-modality);



	
Scaling up the use of low-emission alternative energy sources (low-emission alternative energy for transport, standardization, and inter-operability for electro-mobility);



	
Moving towards zero-emission vehicles (vehicle efficiency, action on heavy-duty vehicles);



	
Horizontal enablers to support low emissions mobility.








For urban areas, in the Action Plan on Urban Mobility [22], the European Commission proposed 20 actions; among these, eight refer directly to sustainable mobility on the following topics: Sustainable urban mobility plans; sustainable urban mobility and regional policy; transport and health in urban areas; campaigns on sustainable mobility; energy-efficient driving; lower and zero-emission vehicles; clean and energy-efficient vehicles; internalization of external costs.



Particular attention is paid to the SUMP (Sustainable Urban Mobility Plan) that is defined as follows: “A Sustainable Urban Mobility Plan is a strategic plan designed to satisfy the mobility needs of people and businesses in cities and their surroundings for a better quality of life. It builds on existing planning practices and takes due consideration of integration, participation, and evaluation principles.” [23]. This planning tool is becoming increasingly popular, although it is not mandatory; today [24], over 1100 cities in Europe have prepared a SUMP.



Sustainable mobility is promoted, albeit in a less organic way, in the USA, where there is an overlap of powers and competences between the federal state and the individual states of the union, as underlined by [25] that proposed a review of policies between 2000 and 2011. The same paper shows how “[...] there is a lack of governmental mandates for sustainability actions [...], and there are (rightly so) more local sustainability initiatives and programs than federal ones [...]”.



It is well known that many cities in the United States have been built and developed as car-oriented systems. Only recently, some cities (e.g., Boston, Dallas, Houston, Los Angeles, Minneapolis, Pittsburgh and Seattle) are trying to promote more sustainable transport alternatives by redesigning their roads to accommodate cyclists and buses and introducing Light Metro (LRT) and Bus Rapid Transit (BRT) lines [26].



This analysis leads to identifying how the European transport policy is focused on sustainable mobility, with particular reference to reducing emissions. Furthermore, there is a strong trend towards the elimination or extreme reduction in the use of conventional fuels for passenger and freight transport, favoring electric mobility for land transport: Rail transport, in urban and suburban areas, and electric or zero-emission vehicles, in urban areas. This trend, in addition to having an important impact on future mobility habits, is expected to direct the automotive industry to invest more and more in alternative fuel vehicles, with particular attention to electric vehicles. This industrial transformation is already beginning to be seen today, with an increasing presence of electric or hybrid car models and a corresponding growth in market share.




2.2. Main Statistical Data


There are many statistical sources useful to study sustainable mobility at the global level and its impacts; most of the data refer to aspects related to air pollution and greenhouse gas emissions, although studies and data on road accidents, congestion, and noise can be found. The main government agencies that collect, analyze, and publish data on environmental issues are the Environmental European Agency (EEA) [27], the U.S. Environmental Protection Agency (EPA) [28], the U.S. Department of Transportation (DoT) [29], and the World Health Organization (WHO) [30].



The amount of data available is very large and is, of course, updated on an annual basis. In this section, only some data are reported to highlight the significant impact of transport on environmental sustainability aspects.



The Environmental European Agency [31] estimated the total pollutant emissions in Europe (EU-28) and the percentage of the same emissions from the transport sector. Focusing on particulate emissions, which are the most harmful to human health, it can be seen that the transport sector is responsible for about 13%, of which about 11% due to road transport. Transport sector emits, instead, about 47% of NOx (39% due to road transport). The same agency [32] estimates greenhouse gas emissions in Europe; the transport sector produces 946,902 kt CO2 eq., equal to 21.9% of the total.



In the USA (at the year 2016), transport sector produced about 29.3% of total greenhouse gas (GHG) emissions [33]; the Environmental Protection Agency [34] estimated 387 kt of primary PM10 from transport (17.1% of all classified sources), of which about 65% due to road transport. Data on consumption and emissions are distributed by Energy Information Administration (EIA) [35], while transportation noise data can be found in the National Transportation Noise Map [36].



At the global level, the World Health Organization publishes, inter alia, data on the effects of air pollution on human health [37] and road accidents [38]. Air pollution is the biggest environmental risk to health in the world, killing 3 million people each year. Road accidents, instead, cause 1.35 million deaths and up to 50 million injuries worldwide.



Many other data useful for the analysis of sustainable mobility can be found in other statistical sources. In Europe, Eurostat [39] provides data on transport safety (all modes), greenhouse gas and pollutant emissions, energy consumption, and more generally on transport systems and their use.





3. Sustainable Mobility: Environmental Topics


This section examines the main sustainable mobility issues related to environmental aspects of the problem.



Sustainable mobility policies are very focused on environmental protection; sometimes, sustainable mobility is identified only as mobility that is able to reduce environmental impacts. Even if this concept is not correct, indeed most of the interventions aimed at the development of sustainable mobility have as their main objective the reduction of pollutant emissions and greenhouse gases. In fact, in the following sections of the paper, although dedicated to other topics, it will be noted that many of the socio-economic and technological aspects of the problem also have environmental objectives to achieve (see Table 1).



As shown in Table 1, the following topics will be referred to in this section: Air pollution; cycling promotion; eco-driving; green-house gases; noise; and walking promotion.



In more detail, air pollution and greenhouse gases are treated only in general terms because the possible actions on transport for their reduction are numerous and are specifically dealt with in the other parts of the paper.



This section is organized as follows. Section 3.1 describes the problems related to air pollution and global warming caused by transport, with the corresponding social, economic, and human health impacts, and the main approaches to their reduction, which are dealt with elsewhere in the paper, are identified. Section 3.2 examines the main actions to promote “soft mobility”, i.e., cycling and pedestrian modes of transport. Section 3.3 looks at eco-drive techniques for energy saving, both on road and rail transport systems. Finally, Section 3.4 studies the problem of noise pollution and possible mitigation and reduction measures.



3.1. Air Pollution and Greenhouse Gases


In summary, air pollution is defined as any alteration of the natural characteristics of the Earth’s atmosphere. We refer, talking about mobility, to anthropogenic causes. It is well known that there can also be natural causes of air pollution and that mobility contributes only partially to all man-made pollution. Greenhouse gases, on the other hand, are not real pollutants, as carbon dioxide is naturally present in the atmosphere. The high concentration of CO2, produced by anthropogenic causes, is responsible of global warming and climate change.



Another fundamental difference between air pollution and greenhouse gases is that the former can be more or less harmful depending on where the pollutants are emitted; in fact, the main damage of air pollution is to human health and depends on the number of people exposed. In particular, air pollution is a major and serious problem in large urban centers, where there is also a high concentration of population. On the other hand, greenhouse gases have a global effect on the climate, regardless of where they are emitted and whether or not people are exposed.



The main pollutants produced by transport are [31]: PM10 and PM2.5 (particulate matter), O3 (ozone), NO2 (nitrogen dioxide), BaP (benzo[a]pyrene), SO2 (sulphur dioxide), CO (carbon monoxide), and benzene. In Table 2, the percentages of the urban population in EU-28 exposed to concentrations above certain reference value are reported. The corresponding impacts on human health are significant (see Table 3).



The main greenhouse gases emitted by transport systems are carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O). Greenhouse gas emissions are usually measured in CO2 eq., where 1 t of CH4 equals 21 t of CO2 eq. and 1 t of N2O equals 310 t of CO2 eq.



Total greenhouse gas emissions worldwide amounted to 37.9 Gt CO2 in 2018 [40]. The variation between 1990 and 2018, for the different sectors, is summarized in Table 4. It can be seen that in EU28, only the transport sector has increased. On a global level, however, the increase affected all sectors. This analysis shows that even in the countries of the European Union, where policies to reduce greenhouse gas emissions have been pursued, the transport sector is the only one with a significant increase, while in all other sectors, emissions have decreased. It, therefore, shows that we are still a long way from a solution to the greenhouse gas reductions generated by the transport sector.



The high concentration of greenhouse gases is now considered by almost all scientists to be the cause of climate change, which could prove disastrous in the coming years. The research aimed at estimating the damage caused by climate change is so numerous that it would need to receive a specific review. Here, referring to some work, in which you can find further references, we quote [41,42,43,44,45,46,47,48,49]. In particular, a welfare theoretic approach to estimate the damage caused by climate change is proposed in [41], while the consequences on economic growth are examined in [42]; an economic quantification of damage is reported in [45,48]. Legal aspects related to climate change damage are examined in [43], while a human rights-based approach is reported in [46]. Specific studies are reported in [44,49] for the US and in [47] for China.



The transport policies proposed to reduce pollutant and greenhouse gas emissions are numerous and many of them are covered in other sections of this article. Indeed, most of the actions reported in Table 1 have as a direct or, more rarely, indirect effect a reduction in pollutant and greenhouse gas emissions. These policies may be classified according to the subject on which they act:




	
The vehicle: Low-emission vehicles, electric vehicles, hybrid vehicles, etc.;



	
The fuel: Low-carbon fuels, biodiesel, etc.;



	
The users: Use of less polluting modes of transport, changes in mobility habits, incentives, pricing, etc.;



	
Management technologies: Intelligent Transportation Systems (ITS), traffic control, connected vehicles, etc.








This analysis shows that emissions are one of the main external impacts of the transport sector, causing serious damage both on the planet and on the human health of the people exposed. Most policies promoting sustainable mobility put the reduction of emissions at the heart of their actions, as also highlighted in Section 2.1. It is believed that the objective of reducing emissions will remain primary for a long time to come, at least until zero-emission vehicles are widely deployed. At present, the problem is particularly acute in developing countries, both because of the rapidly growing need for mobility and because it is economically impossible for large sections of the population to access new, low-emission vehicles. Therefore, it would be useful to envisage appropriate economic support policies in these contexts, to promote the transition to clean vehicles, in addition to the actions that are usually planned in more developed countries.




3.2. Cycling and Walking Promotion


The promotion of walking and cycling, also known as “soft mobility”, is one of the most popular sustainable mobility policies in urban areas. The propensity to use these modes of transport is linked to the urban environment, which should be redesigned overall [50,51,52].



Increased use of non-motorized modes, especially when replacing motorized trips, has several positive effects. The effects on the environment are, of course, only if the trip made by bike or on foot is a substitute for a trip otherwise done by car. Clearly, this type of trip has a distance limit. Usually, pedestrian trips can replace car trips within a range of up to 1–2 km, while bike trips can be up to 10 km. For example, in Italy, a survey by ISFORT (an Italian institute for research and training in the transport sector) [53] showed that trips up to 2 km are made 58% on foot, 8.7% by bike, 1.7% by motorbike, 27% by car, and 3.9% by public transport. In the range between 2 and 10 km, on the other hand, pedestrian trips decrease to 4.6% (over 10 km the value is 0), 4.9% by bike, 72.8% by car, and 13.9% by public transport. Beyond 10 km, the bike is practically not used (0.9%) and the car rises to over 82% of trips.



In addition to the effects on the environment, some studies have shown positive effects on human health [54,55,56].



The main policies that can promote pedestrian mobility are:




	
Creation of pedestrian areas;



	
Creation of limited traffic zones;



	
Creation of 30-zone;



	
Maintenance and renovation of sidewalks;



	
Construction of underpasses and overpasses or marked and illuminated pedestrian crossings (increasing the perceived safety);



	
Construction of mobile infrastructure to assist pedestrian movements (escalators, conveyor belts, lifts).








The main policies to promote cycling are:




	
Construction of cycle paths;



	
Preparation of parking areas dedicated to bicycles;



	
Incentives for the purchase of bicycles;



	
Bike-sharing systems.








The literature on all these topics is extensive; here, we refer to some general papers that are useful to deepen the specific topics [57,58,59,60,61,62,63,64,65,66].




3.3. Ecodriving


Ecodriving is one of those policies for sustainable mobility also known as “soft policies”. It consists of promoting, in the case of private car drivers, or in providing, in the case of collective transport systems, energy-efficient driving styles that produce, for the same number of km travelled, lower consumption and emissions.



The literature reports various data on the reduction of consumption and, correspondingly, emissions achievable with the ecodrive; an interesting review can be found in [67]. Studies in Japan [68,69], quoted in [70], have shown average savings of between 10 and 20%. In [71], the results showed an average savings value of 6.8%, after ecodriving training, regardless of fuel type and road type. De Vlieger [72] has shown that aggressive driving can lead to higher fuel consumption of between 12 and 40% and higher emissions of between 20 and 50%. On the other hand, Van Mierlo et al. [73] have shown that it is possible to achieve consumption reductions of between 5 and 25% with appropriate fuel-saving driving courses. Coloma et al. [74] examined the potential of driver behavior for reducing emissions in a small non-congested city; their results showed that the average CO2 savings were 17% (gasoline engines) and 21% (diesel engines), while the travel times has been increased of about 7.5%.



Bifulco et al. [75] proposed a linear model for estimating fuel consumption related to the use of ADAS (Advanced Driving Assistance Systems) for ecodriving; Chen et al. [76] proposed a driving-events-based model for evaluating ecodriving behavior; Muslim et al. [77] identified 17 different ecodriving behaviors and concluded that “driver’s personalities (including physical, psychological and psychosocial characteristics) have to be integrated for advanced in-vehicle driver assistance system”.



Five fuel and emission saving actions can be identified:




	
Anticipate traffic flow and signals;



	
Drive smoothly (and non-aggressively) and, as far as possible, maintain a steady speed;



	
Change gear so to keep the engine in the optimal range (from 2000 to 3000 routes per minute, depending on the vehicle and engine); change gear earlier than usual;



	
Check the tyre pressures more frequently;



	
Limit the use of air conditioning and electrical equipment when not needed.








The first three points can be improved with specific driving lessons aimed at saving fuel.



In recent years, research has been very focused on ecodriving applied to rail transport [78,79,80,81,82,83,84,85,86,87,88,89]. Although the rail transport system is more environmentally friendly, energy consumption and greenhouse gas emissions, where the energy consumed is not produced from renewable sources, are still high.



Most studies and applications refer to suburban or regional services. In this case, the reduction in consumption can be achieved by extending the journey times between two stations, often using the recovery times available on each leg; if recovery times are used, the overall total travel time does not change for most users, who would have been standing still at the station during the recovery time. Driving strategies are based on the use of a speed diagram divided into four phases: Acceleration, regime, coasting, and braking. In many cases, additional energy recovery is also possible during the braking phase [90,91,92]. On metro lines, on the other hand, the recovery time is only available to the terminus and, given the short distance between stations, usually only the speed is taken as a project variable [93].



These strategies are more efficiently implemented with automatically guided convoys [94,95], but it is also possible to use systems that transmit signals to the driver to approximate the ideal speed trajectory.




3.4. Noise


Noise can be a serious problem in both urban and rural areas, as it significantly reduces the quality of life, produces annoyance, sleep disturbance, and health damage. The transport sector is one of the main culprits of noise, contributing to it both by road, rail, and air transport. In urban areas, road traffic is the main source of noise. According to the World Health Organization (WHO) [96], “... at least one million healthy years of life are lost every year from traffic-related environmental noise in western Europe. Sleep disturbance and annoyance, mostly related to road traffic noise, constitute the bulk of this burden”.



Therefore, noise is a social and health problem that should not be underestimated and should be appropriately contained. The WHO guidelines [96] propose some strong recommendations that should be taken into account in transport policy (see Table 5).



The European Directive 2002/49/EC [97] defines the acoustic parameter Lden (Level day-evening-night), that is adopted to standardize noise measurements for European Countries, as follows:


   L  d e n   = 10 ⋅   log   10    1  24   ⋅ [  12 ⋅   10      L  d a y     10     + 4 ⋅   10      L  e v e n i n g   + 5   10     + 8 ⋅   10      L  n i g h t   + 10   10      ]     [ d B ( A ) ]  



(1)




where:




	
Lday is the equivalent noise level during the day (7:00–19:00);



	
Levening is the equivalent noise level during the evening (19:00–23:00);



	
Lnight is the equivalent noise level during the night (23:00–7:00).








The evening period can be reduced by one or two hours, increasing the other periods.



Research on noise and, in particular, on that produced by transport systems is very extensive. Studies have addressed the problem from different angles; the main ones are:




	
Models, methods, and software for the estimation of traffic noise;



	
Specific case studies;



	
Impacts of noise on human health;



	
Infrastructures and mitigation methods;



	
Engines.








Reviews on models for estimating the noise produced by road traffic have been proposed in [98,99,100]. There are many case studies related to road traffic noise, and many of them also report the calibration of specific models; here, we refer to [101,102,103,104,105,106,107,108]. The impacts of noise on human health have been the focus of attention for many years; some reviews can be found in [109,110,111,112,113,114,115,116]. Infrastructures and mitigation methods were studied, among others, in [117,118,119,120,121,122,123,124,125,126,127,128]. Finally, the reduction of noise produced by engines has been studied in [129,130,131,132,133,134,135,136,137].



Transport policy in this sector should be directed towards reducing the exposure of the population to levels of noise that can cause damage to health, firstly, and other types of disturbances, secondly. Possible intervention strategies require multidisciplinary skills, having to act on several fronts, from the design of infrastructure and pavements to the design of mitigation structures, to the reduction of vehicle noise, to the design of buildings, to the driving style. For rail and air transport, the most effective policies, on the other hand, are territorial policies, which should avoid settlements near airports and railway lines or the location of airports far from built-up areas, while the railway crossings in urban areas should be underground.





4. Sustainable Mobility: Socio-Economic Topics


This section examines the main sustainable mobility issues related to socio-economic aspects of the problem.



The socio-economic aspects of sustainable mobility are numerous. Many of them could be classified as environmental or technological aspects. As shown in Table 1, in this section, we will refer to the following topics: Equity, external costs and their internalisation, freights, pricing, public transport promotion, safety, taxes and incentives, teleshopping, teleworking, and transit improvements.



This section is organised as follows. Section 4.1 examines equity as a condition for sustainability. Section 4.2 focuses on pricing, taxes, incentives, and external costs and their internalisation. Section 4.3 studies transit improvements and public transport promotion. Section 4.4 deals with safety. Finally, Section 4.5 focuses on e-commerce and teleworking.



4.1. Equity


Sustainable mobility should also present aspects of equity; this concept is now widely accepted [138,139,140].



Several researchers highlighted the importance of equity in transportation: An equitable distribution of transportation resources (infrastructures and transit systems) contributes to achieving social equity, producing important impacts on wellbeing and quality of life [141]. Martens [142] proposed a comprehensive study of equity in transportation planning. Beyazit [143] proposed a literature review on social justice in transport. The use of Lorenz curves and the Gini coefficient for measuring public transport equity was proposed by Delbosc and Currie [144] and applied in several other studies [145,146,147,148,149,150]. Equity in Transportation Network Design problems was studied in [151,152,153,154]. Equity in pricing was studied in [155,156,157].



It is important to differentiate between the concepts of equity and equality. Equity is achieved when everyone is put in a position to achieve the same goals or enjoy the same benefits or advantages, taking into account the starting point of each one. Equality, on the other hand, is achieved when everyone is treated in the same way, regardless of the initial condition.



In the field of sustainable mobility, the equity should be considered from different points of view, the main ones being the following:




	
Equity in the environmental impacts of transport systems;



	
Equity of investment in infrastructure and services available to the population;



	
Equity in the accessibility, with particular attention to the weaker segments of the population, at risk of social exclusion, and to destinations of social and cultural importance;



	
Equity in the improvement of the urban environment and the regeneration of areas;



	
Equity in charges for the use of infrastructure, for the use of collective transport services and the taxation of fuels and vehicles.








Achieving equity objectives should be one of the headlights of the transport policy. Any investment in this sector uses public money and equity must be taken into account in transport planning. Sustainable mobility is implicitly fair, given that often the weaker social groups are also those who suffer most from pollution and climate change. To this, however, it is necessary to add the search for social equity and investment, assessing, on the one hand, the benefits and costs, and on the other hand the possibility of providing compensation for those parts of the community that do not enjoy any benefit or that suffer adverse effects within the same intervention.




4.2. Pricing, Taxes and Incentives


Pricing and taxation are two widespread policies that can be used to promote sustainable mobility [158,159,160,161,162,163,164,165].



Pricing can usually concern the use of road infrastructure (road pricing) or the parking of vehicles (parking pricing). In the first case, a toll is charged to car drivers for the use of a single infrastructure or for entering a, usually central, area of a city. In the second case, the driver pays for parking the vehicle. From the point of view of sustainable mobility, these policies aim to increase the perceived costs of private car use to promote a modal split in favor of the use of other modes of transport, such as public transport, cycling, and walking. Sometimes, road pricing has a direct environmental connotation, differentiating costs according to the environmental compatibility of the vehicle, as in the case of the Ecopass in Milan [166,167,168]. One of the widest and best-known applications is the congestion charge in London, which has been very well investigated [169,170,171,172,173,174].



Road pricing, with a view to sustainable mobility, should be closely linked to the concept of external costs [175]; in practice, the optimal road pricing should be that which is able to charge the user of the car for all the external costs it produces [176,177]. Indeed, it is not possible to get the ideal pricing from this point of view and parking pricing road pricing policies are always considered second-best approaches [178].



Parking pricing is, probably, the most used pricing policies in the world [179,180,181,182]. Almost all large cities in western countries, and many medium and small towns, have a parking fee on public areas, usually based on the parking time. Fares are usually a function of the destination of the parking, although there is no lack of proposals for fares based on origin-destination pair [156,183].



Taxation policies for fuels or vehicle ownership [184,185], differentiated in function of environmental impact and greenhouse gas emissions [186,187,188], are widely applied in western countries. The aim is to induce people to behave more virtuously in choosing the vehicle to buy [189], tending to penalise those who buy vehicles with a greater environmental impact, or the mode to choose [190]. In some cases, such as electric cars, the possession tax is eliminated or significantly reduced to encourage their purchase.



In the literature, there are also examples of the transformation of some fixed costs, such as insurance and possession tax, into variable costs, increasing fuel taxation [191,192,193]; these policies tend to transform some fixed costs of the private car, and therefore independent of the kilometres travelled, into variable costs perceived at each trip, to promote further the choice of public transport modes.



Incentives for the purchase of low-polluting vehicles are other economic instruments supporting sustainable mobility [194]. There are different types of buy incentives; the main ones are: (1) Incentive to buy a new car following the scrapping of a polluting car; (2) incentive to buy a low-emission car, such as electric cars [195,196,197,198,199,200], or alternative fuel cars [201]; (3) incentive to convert a petrol car into an LPG (Liquefied Petroleum Gas) car. Incentive (1) is often used by governments more to support the automotive industry than for a real desire to improve the sustainability of the vehicle fleet [202,203]. Incentive (2) has become widespread in recent years and aims to reduce the purchase cost of electric cars, which are currently not competitive with internal combustion cars. Incentive (3), which is less widespread than the others, is used to reduce particulate matter emissions in urban areas, sometimes by local governments more than by central governments.




4.3. Transit Improvements and Public Transport Promotion


Improving the quality and quantity of public transport services is one of the most efficient transport policies to improve modal split and reduce car use, with positive impacts on emissions [204,205,206,207,208,209,210,211,212,213]. Countries that invest the most in public transport systems are also those with the highest shares of modal split. For example, a recent study [214] showed that the availability of rail infrastructure and services has a direct influence on modal split and greenhouse gas emissions.



Clearly, the user chooses the mode of transport to be used according to the availability of services and their quality. It should be remembered that the real competitor of collective transport is individual transport, which by its very nature has higher levels of quality and comfort than collective transport. Therefore, to subtract users from the private car, it is necessary to offer services of good quality and high frequency.



The promotion of the use of collective transport can be pursued through marketing campaigns and appropriate pricing policies, which tend to build customer loyalty, such as, for example, annual subscriptions at a significantly lower cost than the sum of the corresponding monthly subscriptions.




4.4. Safety


Road accidents are one of the main causes of death. A World Health Organization (WHO) report [38] indicates that 1.35 million people die each year (3700 every day) and it is the first cause of death for children and young adults between 5 and 29 years of age; road traffic injuries are, instead, the eighth cause of death about all ages. Death rates in low-income countries are about 3 times higher than in high-income countries. Moreover, “Tens of millions more are injured or disabled every year...” [38], causing high social costs. Sustainable mobility must also be safe mobility.



A review on safety should require a dedicated paper. Here, we refer to some general papers [215,216,217,218,219,220,221,222,223,224,225] and identify possible actions and policies that can improve road safety. Actions and policies to improve road safety can be classified into three broad categories: Infrastructure actions, vehicle actions, and user actions.



As for the infrastructure, there is a wide range of actions relating to:




	
Intersections (type, organization, traffic lights, pedestrian protection, canalization, etc.);



	
Road layout (plano-altimetric layout, visibility distance, etc.);



	
Urban roads (network organisation, 30-zone, restricted traffic zones, etc.);



	
Paving (draining pavements, maintenance, etc.).



	
Safety barriers (installation and maintenance, guardrails to separate carriageways, shock absorbers, etc.);



	
Signage (luminous signage, variable message panels, LEDs, speed limits, road markings, maintenance, etc.).



	
Lighting (intersections, pedestrian crossings, etc.).








Actions on the vehicle are also numerous and applied by manufacturers either to comply with regulations or to make the product more attractive to consumers:




	
Type of lighting devices;



	
Cruise control;



	
Active safety belts;



	
Airbags;



	
Engine positioning;



	
Protective devices in the bodywork;



	
Automatic driving functions (automatic braking, trajectory control, intelligent cruise control, signal and speed limit recognition, etc.).








Actions on users consist of both education and the containment and repression of inappropriate behavior:




	
Point driver’s license;



	
Alcohol tests;



	
Vehicle efficiency controls;



	
Awareness campaigns;



	
Safe driving courses.









4.5. E-Commerce and Teleworking


E-commerce (known also as teleshopping) and teleworking are the main among the so-called teleactivities; reviews can be found in [226,227].



E-commerce has been widely diffused in the last few years, thanks to the spread of the internet and the increasing offer of companies that operate online sales. Several studies have been carried out to simulate and compare this type of shopping with the traditional one [228,229,230,231] and to evaluate its impact [232,233,234,235].



Promoting teleworking is a strategy to reduce commuting and, consequently, congestion and emissions. Several studies have examined the impact of telework on transportation, land use, and pollutant emissions [236,237,238,239].



The impacts of these activities on consumption and emissions may be significant, but lower than often expected. Indeed, e-commerce replaces the trip that the consumer would have made, but the delivery of the goods produces, however, consumption and emissions; if the trip that is replaced would have been a pedestrian trip, the balance is negative. Almost always, however, the overall balance on emissions is positive because the same vehicle delivers more than one product and, therefore, replaces more trips. Teleworking also has, on the whole, a positive impact on emissions, also because it tends to reduce trips during peak hours when congestion is greatest. In this case too, however, the overall impact is lower than expected, because users tend to make more trips for other reasons, having made fewer trips for work.





5. Sustainable Mobility: Technological Topics


In this section, we focus on the main topics related to solutions developed for enhancing transport sustainability from a technological point of view. In the following section, our attention is paid to main alternative fuels currently used in the automotive industry, including electricity, with some references to new insights in this field (Section 5.1). Then, we describe main state-of-the-art models for sharing mobility spreading among countries as an alternative to or shared solution for private cars (Section 5.2). Finally, we report the main Intelligent Transportation System (ITS) solutions developed in the last years to change travellers’ behaviour towards a smart approach to transport infrastructure usage (Section 5.3).



5.1. Alternative Fuel Vehicles


As a solution to meet the targets described above, a lot of effort was given to develop new fuels and engines capable to reduce pollutant emissions. In recent decades, automotive industries increased the production of alternative fuel vehicles (AFVs) that use fuels such as electricity, natural gas, and hydrogen, since they are based on low-carbon sources and/or able to increase vehicle energy efficiency. Alternative fuels differ from traditional ones since not based on gasoline or diesel and characterized by very low pollutant emission rates. Currently, the following major types of alternative fuels are the most promising and/or used in road transportation, according to the European Commission [240] and the European Academies Science Advisory Council [241]. A comparison in terms of strengths and weaknesses related to each AFV type described below is reported in Table 6.



5.1.1. Electricity


Electric vehicles (EVs), instead of using an internal combustion engine (ICE) for traction, move using an electric motor. Full electric vehicles, also called Battery Electric Vehicles (BEVs), are powered by a charging infrastructure, often referred to more simply as a charging outlet, that provides the required electric energy to charge batteries. In other vehicles, like conventional hybrids (HEVs) and plug-in hybrid electric vehicles (PHEVs), both electric motor and internal combustion engine cooperate in traction.



As reported in Table 6, one of the main weakness of EV technology is its limited range due to battery capacity that creates the so-called “range anxiety” effect for drivers. Drivers’ anxiety mainly depends on subjective factors that could increase their required range more than real needs [242]. From a technological point of view, different approaches were proposed in the literature to face this problem, from new battery technologies [243] to power management [244]. One of the main battery-saving technologies is the regenerative braking system (RBS) that converts the vehicle’s kinetic energy into electric energy to slow down the vehicle [245]. Currently, this technology can be battery and/or supercapacitor based [246]. Another solution relies on station-based battery swapping. This system provides charged batteries in very low times but needs optimal management of energy shared between batteries and grid [247].



Another significant weakness is currently related to limited charging infrastructure and load management. A station-based charging infrastructure could be improved according to an optimal distribution of stations [248]. This solution can also lead to an increase in electric vehicle demand because reducing the range anxiety effect [249]. Grid load management could be critical when the number of vehicles will increase with consequent high energy demand [250]. Smart grid technologies have been used to face this problem [251]. One smart grid solution is the vehicle-to-grid (V2G) technology based on returning battery accumulated energy to be distributed in the grid in order to reduce the overall energy requirements from the main source. However, management approaches are required to optimize the distribution process of energy during the day to provide efficient energy service to the grid [252]. Finally, emerging charging technology is the inductive charging system on electrified roads, that allows battery charging while driving [253]. The first electrified road, called eRoadArlanda, opened in Sweden in 2018 to recharge electric vehicles transferring energy from a rail in the road [254].




5.1.2. Natural Gas


Natural gases are produced from wells by the extraction process during crude oil production. As a transportation fuel, it is mainly available as Compressed Natural Gas (CNG) and Liquified Natural Gas (LNG). CNG is a natural gas stored on vehicles at high pressure to handle volumes compatible with the vehicle’s available space. LNG is a liquid-state natural gas, cooled to very low temperatures. In the literature, research in this field goes towards finding new natural gas-based fuels and engines with lower emissions. For example, the hydrogen added to compressed natural gas (HCNG) is able to reduce overall emissions of this environmentally friendly fuel [255].




5.1.3. Liquefied Petroleum Gas


Liquefied Petroleum Gas (LPG) or Propane is a by-product of natural gas production and refining of crude oil. It can be used as an alternative fuel for ICE vehicles. An issue for LPG vehicle is related to the safety within underground car parking in case of accidental LPG release for its flammable vapor [256]. Solutions to reduce and/or identify gas leakage were proposed in the literature introducing, for example, an automatic detection and regulator system [257] and ventilation systems in underground car parking [258].




5.1.4. Hydrogen Fuel Cells


Hydrogen Fuel Cells (HFCs) generate the electricity required by an electric motor from the chemical reaction that involves hydrogen in a so-called “fuel cell”, releasing water that flows out in the form of vapor. HFCs are currently one of the least used types of alternative fuels, but they are destined to catch up. Accordingly, research production in this field is significantly growing up and reaching a maturity [259]. A development of HFC Vehicle (HFCV) technology is represented by its battery hybridization called Plug-in Hydrogen Fuel Cell Hybrid Vehicles (PHFCVs), which are advantageous when compared to traditional hybrid vehicles because they use a single electric motor. A comparison of PHFCVs with BEVs was provided by Offer et al. [260] who highlighted that they are similar in life cycle costs and advantages can be obtained from efficient driving patterns. The research in this field is mainly directed in finding optimal energy management and power generation system. The latter can be obtained considering a combination of fuel cells with supercapacitors to be used in PHFCVs [261]. Energy management is then important to find an optimal balance between sources to improve the performance and durability of the storage system as proposed in [262,263,264].



In the literature, to the best of our knowledge, it is difficult to find an aggregated view of current alternative vehicle fleet and related refueling stations in the main countries. In this paper, we collected and elaborated data reported in Table 7 and Table 8 to have a comprehensive view about Alternative Fuel Vehicles (AFVs) and Alternative Fuel Stations (AFSs), respectively, available until 2019 in three parts of the world, namely, Europe, USA, and Asia-Pacific region. It is interesting to observe that, worldwide, the most widely used AFVs are natural gas-powered (CNG/LNG), with the Asia-Pacific region being the leader in this sector with more than 20 million vehicles and 20,000 refueling stations [265]. Regarding LPG vehicles, Europe is a leader with more than 13 million vehicles, including converted vehicles, and 45,000 stations [266]. It is well-known that China leads the word regarding electric mobility, pushing the Asia-Pacific region as first in the world with more than 3 million EVs and 300,000 charging outlets [267,268]. Regarding fuel cell technology, at a country scale, most of the vehicles are in the USA (about 8,000) [269]. However, since China, Korea, and Japan are promoting the development of fuel cell vehicles, the Asia-Pacific region also results as first in the HFCV sector with more than 14,000 vehicles and 200 stations [269].





5.2. Shared Mobility Models


In this section, we report the main technological aspects of the most widespread/emerging vehicle sharing systems, namely, car and scooter sharing. We analyze the main characteristic as they were adopted in many cities highlighting the technological findings aimed to improve service performance and attractiveness.



5.2.1. Car-Sharing


The traditional way of car-sharing is based on the principle that a car-sharing provider allocates at least one vehicle to a city or neighborhood to be shared between individuals. Parking spaces are usually reserved by the municipality and people registered to the service can use the car at any time according to its availability. Registered people pay only for car usage and not for purchase, maintenance, and depreciation. Generally, the term car-sharing is used to denote a mobility service with the following main characteristics:




	
A verification process checks user identity and driving record once and, after that, the user can use the service’s cars in future without interacting each time with the operator staff. Generally, keyless access is provided using the in-vehicle telematics.



	
The service’s car is usually driven by the end-user as in traditional car rental, differently from a taxi service.



	
Service fees are based on minutes or hours rates, and sometimes also on travelled distance.



	
Service’s vehicles are usually distributed in a served area, differently from car rental in which vehicles are located in dedicated areas.








According to Meijkamp [272], car-sharing members usually use more often other sustainable modes such as cycling and public transport. This analysis was recently confirmed by Ramos et al. [273]; they observed that the majority of European car-sharing users have the weakest habits of private car use and prone to use sustainable transport modes.



From the operator point of view, a car-sharing is currently be delivered in several forms and a single operator can deliver more than one type of carsharing service model. Thus, it is important to understand both common and distinctive aspects of each type of car-sharing service.



According to the literature, researchers classified carsharing as different modes of service providing. Ferrero et al. [8], in their review, identified four car-sharing modes: (i) Two-way (station-based); (ii) one-way (station-based); (iii) free-floating; and (iv) not applicable. The latter refers to papers in which authors did not specify any mode. Santos [10] identified four shared mobility models in her analysis: (i) Peer-to-peer car rental; (ii) modern car club; (iii) Uber-like service; and (iv) new public transport on demand. In this paper, according to most of the literature, we used the common categorization in the following three modes: (i) Round-trip; (ii) one-way; (iii) peer-to-peer car-sharing.



Before analyzing the main characteristics of each mode, we first highlight the common issues related to a car-sharing service. A common aspect of all car-sharing modes is related to fuel type. Generally, operators can provide internal combustion engine (ICE) and/or electric vehicles in their fleet. Although the number of electric vehicles is increasing, most vehicles used by car-sharing operators in Europe are still ICE-based, mainly fueled by gasoline [274]. However, from this point of view, recent research is directed in evaluating and improving the performance of electric vehicles-based car-sharing, thus, in this paper, we mainly focus on this service type.



Service scheduling is a crucial task in electric car-sharing. This service needs an efficient framework for vehicles’ management according to time matching, vehicle range, and customer satisfaction [275] in order to minimize costs for operators [276]. Other useful tools to evaluate service performance are simulation-based, like discrete event models that, for example, are suitable to carry out analysis of competitiveness between the electric vehicle and gasoline-fueled in a car-sharing system [277]. Simulation-based decision support systems are also very useful in carrying out an important task in service management, i.e., vehicle relocation [278]. We better describe this task below for the one-way car-sharing system. Finally, regarding the electric vehicle charging system, a strategic location planning of charging station can improve system performance finding an optimal balance between user and operator perspectives as proposed in [279].




5.2.2. Round-Trip Carsharing


This car-sharing service, also called “two-way” car-sharing, is well established commercially. Users generally use a smartphone app or a dedicated website to reserve a car. Usually, the user must specify both the time of his/her reservation and its duration. Round-trip service is related to the fact that the customer must return the car to the same place where it was picked up (with few exceptions) and pay for the whole time between the beginning and end of their reservation. Thus, car-sharing vehicles are positioned in dedicated parking areas (stations).



Characteristic factors of a round-trip service include a close relationship between vehicles travelled in the peak hours and yearly subscription [280], a strong association between high usage frequency and some trip purposes, such as commuting and education [281]. Finally, an interesting characteristic of this service is trip chaining, which reflects different usage patterns and its analysis can be useful for better service management [282].




5.2.3. One-Way Car-Sharing


The one-way mode, also called “point-to-point”, is based on the idea of pick up a vehicle from one point and return it to another. According to the term “point”, two main car-sharing services can be provided: Station-based, when a point is represented by a fixed and dedicated infrastructure; free-floating when a point can be any area available for vehicle parking. In a station-based service, fixed infrastructure can be represented by parking stations, such as charging outlets for electric vehicles and areas close to customer service kiosks. Meanwhile, a free-floating service allows one-way trips between any origin-destination pairs within a served area, as opposed to round-trip carsharing. However, in a free-floating system, a service provider requires an agreement with municipalities and/or parking managers to ensure the right of customers to park in any (or nearly any) legal on-street place. A comparison between one-way and round-trip modes, presented in [283], highlighted the non-competitiveness of these two modes since they are complementary.



Due to greater flexibility of a one-way mode, an important task in point-to-point service management is the vehicle relocation operation, since it generally affects the performance and effectiveness of the overall service. According to a usual one-way scheme, there could be an unbalance between user demand and vehicles’ availability at stations or parking places, especially for electric vehicles [284]. Generally, vehicles’ relocation is less challenging for a station-based car-sharing, while it is crucial for a free-floating one due to higher degrees of freedom. As already stated above, to evaluate the effectiveness of a one-way car-sharing service, simulation tools are needed to evaluate service effectiveness using, for example, discrete-event models [285,286] or object-oriented approaches [287].



In the literature, wide research on the relocation problem has been conducted. This task relies on optimization approaches in order to find the best strategy according to an objective function based on different factors. This problem has been modelled using different mathematical programming formulations, such as the integer linear programming (ILP) model as proposed in [288]. They modelled the problem including three criteria in the objective function, i.e., minimization of rejected requests, operator’s staff, and relocation operations. Di Febbraro et al. [289] proposed a relocation strategy based on the maximization of the operator’s profit with consequent reduction of rejected requests. The maximization of demand satisfaction with and without vehicle relocation was analyzed in [290] to highlight the importance of relocation operations in meeting customer demand in a one-way car-sharing service.



Focusing better on the station-based mode, as already stated above, the scientific literature is mainly directed on the relocation problem of electric vehicles. Boyacı et al. [291] proposed an optimization framework considering both electric vehicles and personnel distribution among stations. Gambella et al. [292] presented a relocation optimization model for electric car-sharing considering consumption and recharge processes at stations. Lemme et al. [293] introduced an optimization model to assess the impact of electric vehicles’ adoption on fleet composition, including hybrid and internal combustion engine (ICE) vehicles, in a station-based car-sharing. Generally, the need for a comprehensive framework for service planning is required to manage the whole station-based system. Decision support systems can be based on multi-criteria approaches, such as the analytic hierarchy process (AHP) [294] and, recently, the fuzzy Delphi method [295].



According to free-floating characteristics, the research focuses not only on vehicles’ relocation, but also on other specific aspects. First, understanding the spatial and temporal distribution usage is very important to better allocate service resources. Some factors involved in spatiotemporal car-sharing demand forecast were identified in [296], such as city structure, weather conditions, and socio-demographic characteristics. Ampudia-Renuncio et al. [297,298] analyzed the spatial and temporal distribution of a free-floating car-sharing considering distance and frequency of trips. The spatial distribution of free-floating service bookings was analyzed in [299] identifying other factors in service usage, such as user propensity to new sustainable means of transport, area centrality, and availability of parking places. Planning of relocation strategies is even more important for the free-floating mode. A mesoscopic approach for electric vehicles’ relocation was proposed in [300] by integrating macroscopic optimization with a microscopic rule-based model. Molnar and Correia [301] proposed a joint relocation strategy considering both booked vehicles and relocation movements. Folkestad et al. [302] introduced an optimal relocation model for shared electric vehicles based on genetic search. According to the future of free-floating service, Dandl and Bogenberger [303] made a comparison with a futuristic view of taxi service based on autonomous vehicles highlighting the higher profit can be obtained with a significant reduction of fares.



Finally, another problem in a one-way service is related to parking availability. Kaspi et al. [304,305] proposed the adoption of parking reservation policies ensure a free place at the end of the journey and improve system performance.




5.2.4. Peer-to-Peer Car-Sharing


The main characteristic that distinguishes a peer-to-peer car-sharing service from the previous modes is that people choose to make available their vehicle for sharing with others and receiving payments when it is rented. Generally, shared vehicles are equipped with devices to make it available for a reservation using smartphone apps and smartcards. On the contrary, when the shared vehicle is not technologically equipped, the owner also shares keys to renters for vehicle usage. In this car-sharing model, the service operator role is to manage an online marketplace to connect vehicle-owners with vehicle-renters but not the fleet. Moreover, the operator provides to vehicle-owners insurance products and collects a percentage from each rental transaction.



The peer-to-peer model has been studied to evaluate its dynamics and impact on travel behavior. A simulation model was proposed in [306] to analyze and improve the peer-to-peer service. Shaheen et al. [307] studied peer-to-peer dynamics in the USA also considering the usage of automated vehicles. Travel behavior was analyzed in [308], where it resulted that vehicle owners tend to decrease travel distance and to move further using other modes. Finally, the use of emerging technology, namely the blockchain, is also attracting interest in future applications for peer-to-peer car-sharing since it can eliminate many bureaucratic steps in economic transactions [309].




5.2.5. Shared Micro-Mobility


In the latest years, the growth of micro-mobility services, mostly based on shared electric scooters (e-scooter), is changing urban mobility patterns and introducing new challenges. Generally, users can access e-scooters through a smartphone app where a map is showed and enables unlocking them. Service operators offer e-scooter usage with lower fees than car-sharing, and the system is typically dock-less, like the free-floating concept.



Recently, the interest of researcher in analyzing this new sustainable solution is increasing. Pham et al. [310] analyzed how Industry 4.0 can influence the production behind the shared economy of electric scooters. Meanwhile, the analysis of users’ intentions in adopting this new service was carried out in [311], where it figured out that students are not so prone to e-scooters usage and a certain awareness-knowledge of this systems is needed to influence users’ behavior. However, an increase of e-scooter traffic could create new challenges regarding both pedestrians’ and drivers’ safety. Mainly pedestrians showed an initial pushback to e-scooters due to bad riders’ behavior that could decrease their safety perception. James et al. [312] analyzed initial situations of illegal parking and walkways blocking and found that 16% of scooters were illegally parked and 6% blocking walkways. An overview of challenges caused by micro-mobility is given in [313]. To improve safety, a dedicated policy should be adopted to regulate riders’ behavior. Some recommendations and concepts were identified in [314]. Currently, there is a lack in the literature related to specific models for micro-mobility simulation and management. This is due to the similarity to bike-sharing where huge research already exists.





5.3. Intelligent Transportation Systems


The application of Information and Communication Technology (ICT) to transportation engineering is a still-emerging field, namely, the Intelligent Transportation System (ITS). The definition of ITS was provided by the European Union in the directive 2010/40/EU [315]: “ITS are advanced applications which without embodying intelligence as such aim to provide innovative services relating to different modes of transport and traffic management and enable various users to be better informed and make safer, more coordinated and ‘smarter’ use of transport networks”. Thus, ITS does not rely only on road transport, but it includes all technologies and their (integrated) application to all transport modes (road, rail, air, water) to improve the whole transportation system and make it sustainable. The purpose is then to find an optimal balance between three fundamental aspects: Efficiency, eco-friendship, and safety [316]. The necessity of an intelligent transport system was born with a significant increase in traffic flows, which led to high congestion and low safety levels. In past years, most of the countries in the world are providing regulation for the adoption of ITS in their transport infrastructure network. However, there is still high uncertainty in its adoption to a large scale because it raises new concerns regarding individuals’ privacy and data protection. For example, a consultation carried out in Europe in 2017 [317] found that, regarding the reasons of not utilizing ITS, 19% of the respondents have concerns on privacy and re-use of information, and 33% have other reasons in not adopting ITS, including, among others, high costs, lack of transparency, and equipped road infrastructure. In the following, we focus on the innovative solutions provided in the literature to develop ITS with some insights on the Cooperative ITS.



5.3.1. Main Technologies and Applications


An ITS makes use of different ICT solutions to develop an integrated system directed to improve interoperability among its components. The main technologies at the base of an Intelligent Transportation System are: Global Positioning System (GPS); Dedicated Short-Range Communications (DSRC); wireless networks; mobile telephony; probe vehicles or devices; radio wave or infrared beacons; roadside cameras; Variable Message Signs (VMS); and traffic signals. The joint use of these technologies has led to the implementation of the following main ITS applications.



Advanced Traveller Information System (ATIS)


An ATIS aims to provide effective, timely, and accurate information to ensure more efficient traveler decisions and system objectives. Generally, two types of information can be provided by an ATIS: Pre-trip, when travelers acquire information before starting the trip; and en-route, when the information is perceived along a route during the travel. The first information type deals with static choices (transport mode, departure time, path, etc.); the second one can change travelers’ choices during the trip obtaining an adaptive behavior according to the provided information. Joint use of these two information types can realize a traffic management system affecting travelers’ perceptions and behavior. According to the uncertain nature of both travelers’ perception and information, different models were proposed in the literature to handle uncertainty. The first group of methods uses the probability theory to model uncertainty; a review of these methods was provided in [318]. On the contrary, the second group includes models representing uncertainty embedded in travelers’ behavior using the concepts of Fuzzy Logic [319,320,321]. The impact of information provided through VMSs has been widely studied in the literature. Zhong et al. [322] studied drivers’ compliance with information on road condition shown on a VMS. Yan and Wu [323] analyzed the relationship between VMS position and information with drivers’ behavior, using a driving simulation experiment. Chang et al. [324] investigated drivers’ response to dynamic travel information provided through VMSs. The dynamic effect of information on drivers’ compliance with different types of VMS information was modelled through Possibility Theory in [325]. Tu et al. [326] studied the impact of the information on environmental cost incorporated into ATIS to model drivers’ attitude in choosing more environmentally friendly routes.




Advanced Traffic Management System (ATMS)


An ATMS presents a top-down traffic management perspective. Real-time data on traffic, usually coming from roadside detectors, are collected and managed in a Transportation Management Center (TMC). ATMS uses two main groups of devices, namely, in-roadway and over-roadway detectors. In-roadway devices are generally intrusive, such as inductive loop detectors, magnetic sensors, pneumatic tubes, and piezoelectric sensors. On the contrary, over-roadway detectors are non-intrusive (i.e., installed off the pavement), such as video cameras, microwave radar sensor, and infrared sensors. One of the emerging technologies for ATMS is represented by probe vehicles, i.e., equipped and connected vehicles that, travelling along roads, send useful data (GPS position, speed, travel times, etc.) to a TMC in order to estimate traffic conditions. Data acquired by probe vehicles are called Floating Car Data (FCD), which opened new challenges like big data processing. FCD can also come from smartphones useful for different analyses, such as traffic estimation [327] and vehicle positioning at intersections [328].



In the literature, several applications of this technology in conjunction with roadside detectors were proposed. Probe vehicles resulted useful in estimating traffic flow characteristics and, thus, identifying congestion. Some researchers used FCD to evaluate traffic flow at intersections [329,330,331] and turbo-roundabouts [332]. Traffic speed can also be estimated by using FCD [333,334]. Rahmani et al. [335] proposed a fixed-point-based methodology using FCD to estimate travel times. Traffic dynamics can be reconstructed through spatiotemporal diagrams obtained from FCD as proposed in [336]. Klunder et al. [337] evaluated the improvements that can be obtained by using in-vehicle information elaborated according to traffic estimation from FCD.



Another important application of ITS using FCD is related to traffic signal settings. Astarita et al. [338,339,340] deeply studied different adaptive signal settings approaches for real-time applications through the joint use of detectors and data coming from vehicles. A review of methods and technologies for signal settings optimization is presented in [341].



On the base of ITS adoption, one of the most important aspects behind ITS is safety. Data coming from probe vehicle resulted fundamental in understanding and improving traffic safety. Researchers analyzed road safety speed [342,343], safety at roundabouts [344]; others proposed techniques for incident detection [345,346].



Finally, FCD resulted also useful in estimating the origin-destination matrix [347,348,349] and understanding travel choice behavior [350].




Advanced Public Transportation System (APTS)


The application of ITS to public transportation deals with a class of technologies and solution dedicated to improving the efficiency of transit services. Most of these technologies are already well-established and mature. In the literature, researchers mainly focused their attention on providing solutions related to travel time estimation using GPS, telematics, and different algorithms, in order to give accurate information to users [351,352,353,354,355]. Canca et al. [356] proposed a recommendation system to provide real-time itineraries according to users’ requests.



For evaluating the overall system, simulation-based optimization methods were proposed using mesoscopic models [357], and to evaluate a bus priority system through traffic signal synchronization [358].





5.3.2. Cooperative Intelligent Transportation Systems


As an advancement of ITS, the Cooperative Intelligent Transportation Systems (C-ITS) includes novel technologies regarding in-vehicle data transmission and automation for road traffic management. The European Union in [359] gives the following definition: “Cooperative Intelligent Transport Systems (C-ITS) use technologies that allow road vehicles to communicate with other vehicles, with traffic signals and roadside infrastructure as well as with other road users. The systems are also known as vehicle-to-vehicle communications, or vehicle-to-infrastructure communications”. As reported in the EU definition, two new ITS applications are involved in its cooperative form, namely Vehicle-to-Vehicle (V2V) and Vehicle-to-Infrastructure (V2I) systems. Both systems also include an emerging technology to which the automotive industry is pushing on its development and commerce, i.e., connected and automated vehicles (CAVs). This technology requires advanced in-vehicle equipment to permit a continuous data exchange among vehicles and infrastructure and to reach a certain level of vehicle automation. Currently, SAE International in [360] defines six levels of automation, ranging from level 0 (no driving automation) to level 5 (fully driving automation). However, the European Union is still excluding fully automated vehicles in the development of C-ITS [359]. An overview of the C-ITS with particular attention to the European framework set up to support the development of these technologies, which are configured to enable connected, automated, and sustainable mobility, is provided in [361].



In the literature, there is a wide production in this field addressed to analyze C-ITS platforms and find technological solutions for its development. Javed et al. analyzed various data types generated by C-ITS applications and wireless technologies’ potential to improve system reliability [362]. Implications of C-ITS development on safety and security was investigated in [363,364]. The impact of C-ITS adoption at a city scale was analyzed in [365], where potential benefits in terms of energy efficiency and environmental effects were quantified. Meng et al. [366] reported some technological aspects required for the implementation of C-ITS. The characteristics of the cooperation mechanism between vehicles in a CAV environment were analyzed in [367]. However, the use of CAVs requires a centralized traffic management system to optimally distribute vehicles on the traffic network in order to attenuate congestion as proposed in [368].



Focusing on in-vehicle solutions, also called Advanced Driver-Assistance System (ADAS), as part of C-ITS implementation, some researchers developed lane-changing advisory systems to help drivers in crucial maneuvers and reduce road fatalities [369,370]. Vehicle collision warning and avoidance methods for both road users’ and pedestrians’ safety at intersections were discussed in [371]. A review of ADAS solutions, with a focus on personalized systems, was recently reported in [372]. Regarding the technologies introduced for developing the V2V and V2I, Arena and Pau in their review [373] examined the main solutions, systems, and communication protocols for the future development of C-ITS. Finally, simulation tools for evaluating and testing C-ITS were presented by Aramrattana et al. [374,375].






6. Discussion


The analysis of the literature, although inevitably partial, has highlighted some fundamental aspects of sustainable mobility.



The first point is that pursuing sustainable mobility is an affirmed objective of all governments, mainly of developed countries but also of many developing countries. The external impacts of mobility are relevant from a social and environmental point of view and, as also demonstrated by the data reported in Table 4, we are still far from achieving a substantial reduction of greenhouse gases emitted by the transport sector. The European Union, among others, has focused most of its policy on sustainable mobility, identifying rail transport as one of the most promising modes in which to invest.



A second interesting point concerns the interdisciplinary nature of the problem. Indeed, the analysis of the literature has shown, even simply from an examination of the publication sites of the cited papers, how the achievement of sustainable mobility objectives requires different skills, from transport planner to environmental science expert, from mechanical engineer to civil engineer, to industrial engineer, from the economist to the social science expert, to the communication science expert and so on.



A third point concerns the strong contribution that technology can give to sustainable mobility. Just as some 20 years ago it became clear that a vehicle should be safe, and this has led manufacturers to equip their vehicles with increasingly advanced safety devices, in recent years, the idea that a vehicle should be low-emission and fuel-efficient is beginning to assert itself. As a result, over the next few years, we expect more and more low-emission or no-emission vehicles (mainly hybrid and electric vehicles) to spread, which, coupled with energy production from renewable sources, can make a significant contribution to some aspects of sustainable mobility. A significant contribution was given by the adoption of Intelligent Transportation Systems that have reached maturity, but always evolving towards a smarter usage of the available transport services and resources. Other research perspectives concern intelligent driving systems and autonomous (preferably shared and electric) vehicles that will start to replace current cars in the future. Some limitations of this study, already partially mentioned in the introduction, concern the impossibility to analyze all possible aspects and all possible work on sustainable mobility. Furthermore, reference has been made, in some topics, only to aspects of passenger transport, neglecting aspects related to goods, which would require a dedicated study. Additionally, for some topics, more emphasis was placed on road and rail transport, neglecting air and sea transport, which also have important environmental impacts. In future research, we will tend to fill these gaps with appropriate reviews.



Research in the field of sustainable mobility still has a long way to go and the future of mobility cannot ignore its sustainability. Many policies promoting sustainable mobility are widely established and implemented at the national and local level, seeking to influence user behavior so that they use less polluting and generally more sustainable modes of transport. The contribution of technology, as already mentioned, is in our view the one that will have the greatest impact on the achievement of sustainability objectives at the global level. We believe, therefore, that future directions of research will be mainly directed towards the development of new technologies. In particular, the aim should be to improve the range and efficiency of electric vehicles, which should be the only ones to circulate in urban areas, to implement and optimize the operation of autonomous vehicles, possibly shared (as well as electric traction), both to reduce consumption and occupation of public spaces, and to make mobility more equitable, allowing everyone to move (the elderly, the disabled, people on low incomes, etc.). Technology can provide other important contributions both for the diffusion of shared mobility and micro-mobility, including conventional mobility, and for reducing greenhouse gas emissions, by studying and producing more eco-friendly fuels, such as low-carbon fuels, useful in maritime and air transport. In the field of ITS, more contributions aimed to improve the effectiveness of real-time traffic information systems through personal devices (e.g., smartphones) could help to influence travelers’ behavior for achieving more sustainable mobility patterns. Moreover, we think that the development of C-ITS should not be addressed to increase the number of private cars, even if low or zero-emission vehicles since it will not help in reducing traffic congestion. In this direction, CAVs are now a reality, even if under development and not accessible to everyone, but their production should be mainly addressed to develop an efficient and integrated public transport service.




7. Conclusions


Sustainable mobility is one of the central themes of transport policy at all territorial levels and at all latitudes. From transnational to national and local institutions, almost all political decision-makers, at least in industrialized and most developing countries, include the promotion of sustainable mobility in their programs, giving it greater or lesser emphasis depending on their sensitivity to environmental aspects.



Research in the transport sector, but also in other sectors, from medicine to environmental sciences and chemistry, from economics to industrial and information engineering, has followed this trend closely, addressing the problem from different points of view, analyzing data and proposing different solutions.



The analysis reported in this work, without claiming to be exhaustive, tends to provide an overall view of the problems and possible solutions related to sustainable mobility, referring to the numerous works mentioned for further details. In this way, the reader can appreciate the general aspects of each topic, deepening only those of interest. Furthermore, some research prospects are identified, including the technological aspects related to vehicles and fuels, as well as the more comprehensive aspects of system management, which in the authors’ opinion seem to be the most promising and those on which industrial research funding will focus in the future.



As the subject is constantly evolving, this type of work needs continuous updating, also because of technological development and the tendency to consider mobility more and more as a service to be integrated into the concept of Smart City; it is believed, in particular, that the development of shared mobility, with electric and autonomous vehicles, is the future, at least in urban areas, and that this system can strongly contribute to the sustainability of the transport system. In the suburban area, on the other hand, the rail transport system is the most suitable for the pursuit of sustainable mobility objectives, but it needs to be strongly integrated with other systems (air and sea) and with urban mobility, again in the perspective of Mobility as a Service (MaaS).
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Table 1. Topic classification.






Table 1. Topic classification.











	Topic\Theme
	Environmental
	Socio-Economic
	Technological





	air pollution
	●
	×
	×



	car-sharing
	×
	
	●



	connected and automated vehicles
	×
	×
	●



	cycling promotion
	●
	×
	×



	ecodriving
	●
	
	×



	electric and hybrid vehicles
	×
	
	●



	equity
	
	●
	



	e-commerce
	×
	●
	



	fuel
	×
	
	●



	green-house gases
	●
	×
	



	intelligent transportation systems
	×
	
	●



	micro-mobility
	×
	
	●



	noise
	●
	×
	×



	pricing
	×
	●
	



	public transport promotion
	×
	●
	×



	safety
	
	●
	×



	taxes and incentives
	×
	●
	



	teleworking
	×
	●
	



	traffic-lights
	×
	
	●



	transit improvements
	×
	●
	



	walking promotion
	●
	×
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Table 2. Percentage of the urban population in EU-28 exposed to air pollution (2015–2017) [31].
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	Pollutant
	EU Reference Value
	Urban Population Exposure [%]
	WHO Air Quality Guidelines
	Exposure Estimate [%]





	PM10
	Day (50 μg/m3)
	13–19
	Year (20 μg/m3)
	42–52



	PM2.5
	Year (25 μg/m3)
	6–8
	Year (10 μg/m3)
	74–81



	O3
	8 h (120 μg/m3)
	12–29
	8 h (100 μg/m3)
	95–98



	NO2
	Year (40 μg/m3)
	7–8
	Year (40 μg/m3)
	7–8



	BaP
	Year (1 ng/m3)
	17–20
	Year (0.12 ng/m3)
	83–90



	SO2
	Day (125 μg/m3)
	<1
	Day (20 μg/m3)
	21–31
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Table 3. Premature deaths attributable to exposure to main air (2016) [31].






Table 3. Premature deaths attributable to exposure to main air (2016) [31].





	Pollutant
	Premature Deaths in Europe
	Premature Deaths in EU28





	PM2.5
	412,000
	374,000



	NO2
	71,000
	68,000



	O3
	15,100
	14,000
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Table 4. Changes in CO2 emissions from 1990 to 2018 by sector [40].
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	Sector
	Globe
	EU28





	Power industry
	+82%
	−30%



	Other industrial combustion
	+60%
	−40%



	Buildings
	+6%
	−34%



	Transport
	+77%
	+21%



	Other sectors
	+110%
	−20%
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Table 5. Recommendations of the World Health Organization for transport noise [96].
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Transport Mode

	
Recommendation






	
Road traffic

	
Noise levels, in terms of Lden, should be reduced below 53 dB. Above this level, the noise by road traffic produces adverse health effects.




	
Noise levels during the night, in terms of Lnight, should be reduced below 45 dB. Above this level, the noise by road traffic produces adverse effects on sleep.




	
Reduce the population exposed to noise levels above these values acting on sources and infrastructures.




	
Railway

	
Noise levels, in terms of Lden, should be reduced below 54 dB. Above this level, the noise by railway traffic produces adverse health effects.




	
Noise levels during the night, in terms of Lnight, should be reduced below 44 dB. Above this level, the noise by railway traffic produces adverse effects on sleep.




	
Reduce the population exposed to noise levels above these values.




	
Aircraft

	
Noise levels, in terms of Lden, should be reduced below 45 dB. Above this level, the noise by aircraft produces adverse health effects.




	
Noise levels during the night, in terms of Lnight, should be reduced below 40 dB. Above this level, the noise by aircraft produces adverse effects on sleep.




	
Reduce the population exposed to noise levels above these values acting on infrastructures.
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Table 6. Comparison of strengths and weaknesses for each alternative fuel vehicle type.
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	Vehicle Type
	Strengths
	Weaknesses





	Battery electric

(BEV)
	
	
Quiet running



	
No GHG emissions from the car



	
Extensive electric infrastructure



	
Electricity partially obtainable from renewable sources





	
	
Long charging times



	
Limited range



	
Expensive home chargers and limited public charging stations



	
Complex load management for the grid








	Plug-in hybrid

(PHEV)
	
	
Full-electric range can only address short commutes



	
Home charging infrastructure is suitable



	
ICE can extend the range for long trips



	
Lower cost per kilometer and no vehicle GHG emissions in electric mode





	
	
Batteries in addition to an ICE increase vehicle price



	
Daytime charging could put a strain on the power grid



	
Plug-in is required to obtain benefits



	
Driving habits influence the obtainable benefits








	Natural gas

(NGV)
	
	
Cheaper than gasoline



	
Cleaner at comparable power





	
	
Reduced trunk space due gas tanks



	
Limited number of refueling stations and range








	Liquefied Petroleum Gas

(LPGV)
	
	
Non-toxic and non-corrosive fuel



	
Cheaper than gasoline and diesel





	
	
LPG conversion can be expensive



	
Maintenance and servicing are also slightly more expensive



	
Safety of car parking








	Hydrogen fuel cell

(HFCV)
	
	
Emitting only water vapor



	
Fast refueling



	
Fast battery charging from fuel cells



	
Hydrogen obtainable from the use of renewable energies





	
	
Expensive technology



	
Hydrogen is stored on-board at extremely high pressure or very low temperature



	
Low number of refueling stations



	
Hydrogen transportation is very expensive
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Table 7. Alternative Fuel Vehicle (AFV) fleet in Europe, USA, and Asia-Pacific in 2019 (elaborated data from the following sources: European Alternative Fuels Observatory [266]; U.S. Department of Energy [270]; International Energy Agency [267,268,269]; International Association for Natural Gas Vehicles [265]; World LPG Association [271]).






Table 7. Alternative Fuel Vehicle (AFV) fleet in Europe, USA, and Asia-Pacific in 2019 (elaborated data from the following sources: European Alternative Fuels Observatory [266]; U.S. Department of Energy [270]; International Energy Agency [267,268,269]; International Association for Natural Gas Vehicles [265]; World LPG Association [271]).





	AFV Type
	Europe
	USA
	Asia-Pacific





	BEV/PHEV
	1,808,870
	1,450,000
	3,649,000



	HFC
	2182
	8039
	14,894



	CNG/LNG
	2,062,621
	175,000
	20,473,673



	LPG
	13,026,304
	200,000
	3,400,000
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Table 8. Number of Alternative Fuel Stations (AFSs) in Europe, USA, and Asia-Pacific available in 2019 (elaborated data from the following sources: European Alternative Fuels Observatory [266]; U.S. Department of Energy [270]; International Energy Agency [267,268,269]; International Association for Natural Gas Vehicles [265]; World LPG Association [271]).






Table 8. Number of Alternative Fuel Stations (AFSs) in Europe, USA, and Asia-Pacific available in 2019 (elaborated data from the following sources: European Alternative Fuels Observatory [266]; U.S. Department of Energy [270]; International Energy Agency [267,268,269]; International Association for Natural Gas Vehicles [265]; World LPG Association [271]).





	AFS Type
	Europe
	USA
	Asia-Pacific





	Electric (charging points)
	211,438
	78,301
	314,275



	Hydrogen
	133
	61
	212



	Natural Gas
	3940
	1591
	20,275



	LPG
	45,132
	3178
	8300
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