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Challenging Slow Mobility Through )
e-technologies e

Pietro Belotti, Rossella Moscarelli, and Luca Pirolo

Abstract The response to the environmental crisis represents one of the main
challenges of the mobility field. How should the mobility sector, related both to
commuting transport and leisure travel, be reshaped in the contemporary era? Slow
and electric mobilities can provide useful practices and technologies to tackle this
complex issue. In particular, integrating slow mobility with electric vehicle supply
equipment technologies (EVSE) appears as an interesting field of development.
Starting from this perspective, the volume critically discusses the so-called slow
e-mobility, which includes practices, systems, and technologies related mainly to
pedal-assisted bicycles. The main topic of the work is then introduced by considering
the recent cultural and academic debate. The book contributes to such reflections by
offering a broad overview of the opportunities and risks of this innovative form of
mobility, with specific attention to its spatial effects.

1 Sustainability and Mobility: An Urgent Issue

The mobility and transport field is living in a challenging era due to the necessity
of responding to the climate crisis (Hickman and Banister 2007; Chapman 2007,
Anderton 2010; Willson 2012), and relevant social changes (Castles 2018).
Environmental and ecological concerns are rising worldwide, as carbon emissions
are increasing rapidly, which is one of the leading causes of global warming. These
emissions come from different sectors, but transportation is the biggest contributor
(Babar et al. 2020). From this perspective, low-emission transport is an increasingly
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urgent issue that could be addressed by improving the technology of vehicles or by
changing transport and travel habits.

As a consequence of the environmental crisis, demographic changes must also
be considered as drivers of new trends in several fields, including mobility. In 2050,
the Earth will have 9, 7 billion people (United Nations Organization 2022). Areas
like Europe have an aging population: the over-65 will constitute about 27% of the
population by 2050 (United Nations Organization 2022). Other areas in Africa and
Asia are registering population growth (United Nations Organization 2022). Another
challenge is urbanization: 7 persons out of 10 by 2050 will live in the cities and every
day more than 172 thousand new inhabitants choose the cities to settle in (United
Nations Organization 2019).

In sum, sustainable mobility is an urgent and necessary project theme to address
the contemporary challenges of climate and ecological transition. First of all, because
mobility is one of the sectors that contributes most to the pollution of our planet,
through the emission of climate-altering gases, the consumption of natural resources,
such as fossil fuels, in addition to air and noise pollution, and the congestion of the
most populated urban areas. For some time now, people have been thinking about
which forms of mobility could best contribute to making our journeys, both daily
and leisurely, as environmentally friendly as possible. The “umbrella” concept of
sustainable mobility, deriving from the general concept of sustainable development,
encompasses the numerous practices that have been tested for decades to reconcile
the right to mobility with the need to reduce the so-called negative externalities
associated with it (Marioli 2013). Smart, green, shared, electric, active, and soft
mobility are some of the increasingly numerous possible declinations of sustainable
mobility. A carousel of terms and definitions, partly overlapping. Even if there is
no shared and definitive way to define each practice, it is still useful to provide a
synthetic glossary, as done in Table 1.

As shown in Fig. 1, it is possible to collect the numerous practices of sustainable
mobility into two macrofamilies, defined starting from the speed of movement. Fast
mobility includes the entire world of fast mobility, that is, moving at more than 20 km/
h. Below this threshold, we instead speak of slow mobility. This speed threshold
allows for the activation of a series of relationships between those who move and the
context within which such movement occurs (Pileri and Moscarelli 2021).

Slow and fast mobility can therefore both contribute to the challenge of sustainable
mobility, declining through the different green practices defined above. Both can do
it, although it is necessary to note that some forms of fast mobility are not recognized
as sustainable (for example the use of private fossil fuel cars).

This book focuses just on the slow mobility, regarded as a branch of sustain-
ability (Pelgrims 2022; Munch 2024), which includes walking, cycling, running,
and skating (Fullagar et al. 2012). It is also expressed as Non-Motorized Transporta-
tion (NMT) and characterized by means with a low environmental impact (Eldeeb
and Tohlob 2022). More specifically, we aim to consider how two different practices
of sustainable mobility can interact and influence each other, i.e. slow and e-mobility.
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Table 1 Some definitions of different practices of sustainable mobility. Source Developed by the
authors

Sustainable Author/s Definition
mobility practice

Smart mobility Staricco (2013: 342) | Mobility system characterised by a consistent and
systematic use of technological innovations, both in
terms of ICT (used to provide information to
travellers, to streamline traffic, to manage public
transport fleets, to improve freight transport
logistics, etc.) and in terms of means of transport
(electric cars, on-demand buses, bikes and car
sharing, etc.)

Docherty et al. (2018: | It is characterized by the shift towards “mobility as
118) a service”, increasingly intelligent infrastructure,
the electrification of the vehicle fleet and automated
vehicles that do not require ‘driving’ by any of the
passengers

Shared mobility Shaheen et al. (2015: | It includes various forms of carsharing,

4) bikesharing, ridesharing (carpooling and
vanpooling), and on-demand ride services. It can
also include alternative transit services, such as
paratransit, shuttles, and private transit services,
called microtransit, which can supplement fixed
route bus and rail services

Shokouhyar et al. It is an emblem of a shared economy that is linked
(2021: 1) with both sustainable travel behavior and
sustainable urban infrastructure from the social,
economic, and environmental perspective

Green mobility Almatar (2023: 3) Mobility that does not depend on the factors that
become a significant part of diminishing natural
resources such as fossil fuels

Echeverria et al. Green modes of mobility include a variety of
(2022: 1) eco-friendly alternatives, including active (walking
or cycling) and public transport, as well as
car-sharing, carpooling, and electric scooters,
among others

E-mobility Behrendt (2018: 3) Short for electric mobility—is an umbrella term for
mobilities involving electric vehicles, i.e. vehicles
that rely on an electric motor for at least some of
their propulsion with the power coming from an
on-board battery (e.g. car or bike) or an off-vehicle
source (e.g. train)

Hoch et al. (2015: Vision of future transportation by means of a
455) network of electric vehicles allowing people to
fulfill their individual mobility needs in an
environmental friendly manner (decreasing
pollution, saving energy, sharing vehicles, etc.

(continued)
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Sustainable
mobility practice

Author/s

Definition

Active mobility

Maltese et al. (2021:

2)

It includes non-motorized transport activities, such
as walking, cycling, and recent human-powered
variants (e.g. push scooter, roller skates/rollerblades
and skateboard)

Haufe et al. (2016:
49)

It is not only healthy on the individual level, [...], it
is also carbon—neutral, cheap and more space
saving than other modes of transport

Soft mobility

Fistola and Rocca
(2018: 302)

Conscious approach to mobility, a type of mobility
that includes all forms of non-motorized transport
(NMT) that exclusively uses “human energy”
(Human Powered Mobility)

Galderisi and
Ceudech (2008: 57)

Form of sustainable mobility that, while respecting
the right of the individual to move, allows for the
improvement of living conditions, influencing in
particular: air and noise pollution; congestion
generated by urban vehicular traffic; the need to
improve road safety levels

Sustainable mobility

Fast mobility
>20 km/h

P T T -

Slow mobility
<20 km/h

P T T -

Ll Smart mobility | Green mobility)

M b

== § 4
f A

o (4]
e b !

[Shared mobility.—-!

Fig. 1 Scheme of the different practices of sustainable mobility. Source: Developed by the authors
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2 The Slow E-Mobility as an Essential Strategy
of Sustainability

The so-called slow e-mobility, namely the integration of electric vehicle supply equip-
ment (EVSE) technologies and slow mobility, represents a unique possibility in the
reflection on the new era of sustainable mobility (Popovich et al. 2014; Fishman and
Cherry 2015; Dill and Rose 2012; Rérat 2021) since it combines the positive effects
of both slowness and electric technologies (Bourne et al. 2022; Berntsen et al. 2017).

Starting with the slow mobility, the advantages already described in the literature
are many and quite wide: from pollution reduction (Zickgraf 2021) to the positive
effects on health and lifestyle (Saunders et al. 2013); from the improvement of the
quality of community life (Holden et al. 2020) to the enhancement of social inclusion
(Harms et al. 2014). Finally, if slow mobility is enlarged to the dimension of leisure
travel, it can also become a tourist resource, with many positive economic aspects
and few environmental impacts (Pileri 2016).

Talking about electric mobility, the benefits to society are multiple and overcome
the current transportation style of moving based on internal combustion engine (ICE)
vehicles. There is an important improvement in the reduction of local pollutants since
electric vehicles do not produce local pollutants, such as CO, NOx, and particulate
matter, compared to ICE vehicles (European Environment Agency 2016). The electric
motors are extremely efficient concerning ICE, which means less energy is spent for
the same use. If the energy used to recharge electric vehicles comes from renewable
sources, this can decrease the variation in energy price and energy security (Singh
etal.2023). For the users, electric vehicles have lower maintenance costs because they
have fewer components, which can diminish the expenditures for the electric vehicles
(Sanguesa et al. 2021). And finally, electric mobility diffusion is stimulating many
sectors such as battery, recharging infrastructure, and renewable energy production.
It is opening new job opportunities and economic development (Foley et al. 2010).

Overall, slow e-mobility has many relevant positive impacts, derived from the
peculiarities of slowness and e-technologies. E-bikes also make it possible to extend
access to slow mobility, widening the range of users, the variety of vehicles, and
the places of use (Rodriguez Quintero and Vidal Abarca Garrido 2022; Corti et al.
2024).

On the other hand, it is necessary to consider also the main critical aspects. In part
they are similar to those related to slow mobility, concerning: the speed itself, which
is low so it takes a longer time to move quickly for daily commuting (Bassett et al.
2008), while extremely hot weather or heavy rains can affect the users’ daily habits
(Winters et al. 2010). Not all cities have good slow-mobility infrastructures, and this
can be seen as an obstacle for potential users (Pucher et al. 2010), especially in terms
of safety (Pucher and Buehler 2017). Some barriers can slow the adoption of these
technologies (Corti et al. 2024). These weaknesses add to those related to the EVSE
technology. Range anxiety is one of the best-known reasons to avoid using these
technologies, followed by limited accessibility of all social classes, urban regulations,
costs, public perception, and manufacturing and supply chains that are weak, and not
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equally spread worldwide (Offer et al. 2010). The recharge time is another factor that
affects the growth of electric vehicle users. The recharge phase with state-of-the-art
technology has a much longer duration compared to traditional vehicles (Neubauer
and Wood 2014) and this type of infrastructure is not homogeneously distributed
on a regional scale. Most of the time, the demand drives the positioning, leaving
peripheral territories without infrastructure (Sierzchula et al. 2014). On the market,
electric vehicles are more expensive than traditional ones, which can be a barrier to
the diffusion of electric mobility (Nykvist and Nilsson 2015). Electric vehicles store
energy inside batteries that are made with materials characterized as critical, i.e. non
homogeneously present on the Earth. This can determine dependency on specific
market players (Olivetti et al. 2017). The above issues create a cultural skepticism
for the electric vehicle among users (Krishna 2021; Pamidimukkala et al. 2024).

3 Promoting Slow and E-Mobility

Many National and European policies are trying to reduce the mobility sector’s
environmental impacts so as to render Europe the first carbon-free continent by
2050, by giving particular emphasis to both slow and e-mobility.

The Sustainable and Smart Mobility Strategy, carried out by the European
Commission in 2021, introduces e-mobility as the first pillar of mobility in the
Green Deal era, where all transportation will be zero-emission by 2050 (European
Commission 2021). Moreover, the European Commission adopted, in the second
half of 2023, the ‘Declaration of Cycling’, categorizing all the various types of slow
vehicles present in our society and fostering the usage of slow and electric transport
systems such as e-bikes or pedelecs to create a more inclusive, sustainable, and right
society. To do this, better and safer road and service infrastructure must be developed
in the next years (European Commission 2023).

This approach is also assumed by the national policies, such as the Italian
“Piano Nazionale Integrato per I’Energia e il Clima” (Ministero dello Sviluppo
Economico, Ministero dell’ Ambiente e della Tutela del Territorio e del Mare, Minis-
tero delle Infrastrutture e dei Trasporti 2019), which contains the ‘Piano Generale
della Mobilita Ciclistica urbana e extraurbana’, drafted in 2022 by the then Ministry of
Sustainable Infrastructures and Mobilities (Ministero delle Infrastrutture e Mobilita
Sostenibili 2022). This document concretely lays out the strategy to transform Italy
into a country where the right to cycle is on par with other means of transport, giving
policy guidelines on various areas such as urban and cycling tourism, and putting
resources into large strategic projects and local-scale projects to complete an infras-
tructure that has been fragmented for too long. In the document, the cycle touristic
infrastructure is defined, and it will patch up less-known and more isolated Italian
territories, revitalizing hamlets, smaller historical centers, and less anthropized inland
areas. Furthermore, in line with the European declaration, it promotes the use of all
forms of cycling, considering electric vehicles as fundamental to the enlargement
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of cycling users and developing the cycling sector as an alternative and clean daily
means of transport.

4 The Future of Slow Mobility: Aims, Originality,
and Contents of the Book

The reflections of this volume arise from this policy context and from the actual
scientific and public debate. The main aim is to consider how e-technologies can be
integrated into the plan and design of a slow-mobility project, both about the daily
habits in an urban context, as well as tourist movements. This implies questioning
the impacts of slow e-mobility on the territory, namely on the places and on society.

How can the city and the territory change with the spread of e-bikes? What ethical
implications are there in this innovative mode of mobility and travel? How can the
public actor best plan this sustainable practice? How can sustainable and ecolog-
ical mobility adapt to the design of the cycling infrastructure? These are the main
research questions that the volume faces thanks to a wide overview of studies by
researchers and experts with different disciplinary backgrounds: architects, urban
planners, engineers, computer scientists, sociologists, economists, and philosophers.
Such a perspective, focused on the complex and various territorial effects of slow e-
mobility, is the main original point of the book. Other works (Han et al. 2020; Senese
etal. 2023; Lagerstedt and Svensson 2022; Probstl-Haider et al. 2018; Gall et al. 2023;
Pal and Kunj 2024; Toll 2021) tackle similar issues from different perspectives. Many
observe electric mobility by focusing just on cars or public transportation (e.g. bus
or tram); others consider the integration between mobility and urban planning and
design without reflecting on the particular and challenging case of slow e-mobility.
In another set of works, the topic of e-bikes is treated just as a technical improvement
(subject of mechanical engineering) or in non-scientific books.

Planning the services of slow electric mobility is a topic that has not been exploited
and studied in all aspects, to the best of our knowledge. This book can thus represent
a first attempt to explore slow e-mobility as a means for both daily commute and
leisure traveling, with a rigorous and academic approach, and by providing a synoptic
view of several different aspects related to one another.

Our aim is to integrate technological aspects and service planning, understanding
what is needed in urban and extra-urban contexts to spread this new way of transport.

Assuming such aims, the volume is articulated in two parts. The first part, “Stating
the issue of slow and electric mobility”, introduces the pillars of the topic and how
slow e-mobility challenges urban and travel slow practices.

The first part begins with a reflection on the practice of mobility and tourism:
mobility on e-bicycles is an inherently significant part of slow and light mobility,
both when considered for daily commuting and within a touristic context. This first
chapter covers a deep analysis by Fossa and Piazza of the ethics of using e-bikes
as a promising means of transport for current and future mobility scenarios and the
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need to identify criticalities in how e-bike usage is regulated. In the second chapter by
Colleoni and Jankowski examine the inclusivity perspective of slow electric mobility
and the potential risks and opportunities of using e-bikes to create a more equitable
paradigm of urban mobility. In Chap. 3, Carra and Pezzagno focus on the planning
aspect of urban infrastructures, which needs solid guidelines to identify its risks and
opportunities and to guarantee a clear transition toward greater use of sustainable
means of transportation such as e-bicycles. In the fourth chapter, Pucci and Morais
debate the actual positioning of charging infrastructure in the urban environment,
with an emphasis on differentiating between e-bikes and electric vehicles (EVs),
while highlighting the imbalance of charging capabilities by introducing the power
gap, an objective indicator of the demand for public charging facilities. Pirolo and
Pileri (Chap. 5) discuss the link between slow tourism and electric bikes, giving an
interpretation of the phenomenon and the possible implications from an inclusivity
and accessibility point of view. Fortini e Uccellatori end the first part by introducing
the idea of “Landscape Metropolis”, where the landscape is meant to be part of the
infrastructure upon which a sustainable, capillary mobility network can be estab-
lished, both to favor sustainable mobility and to improve the connectivity of more
fragile territories.

The second part, “Planning and Designing E-Mobility”, explores the technical
dimensions of sustainable mobility, offering a broad perspective on both operational
and strategic planning for urban and extra-urban electric slow mobility. Leoni and
Tanelli (Chap. 7) investigate the development of e-bike functionalities capable of
monitoring both the vehicle and the surrounding environment in order to enhance
riding safety and comfort. The focus on safety continues in Chap. 8, where Raimondi
et al. extend an established approach to assessing user safety during e-bike use and
present a comprehensive methodology that includes operational measures aimed at
improving cycling safety. Chap. 9, by Petaccia and Gungor, examines how mobility
can shape public space in cities, reflecting on how urban environments might be
transformed if mobility were predominantly slow and electric. Urban space is also
increasingly influenced by last-mile delivery systems: Beatrici, Maggioni, Birolini,
and Malighetti (Chap. 10) provide a review of sustainable and light urban delivery
mobility, with a specific focus on the use of electric cargo bikes for fleet management
and vehicle routing planning. In Chap. 11, Moscarelli explores the potential of inte-
grating e-technology with slow tourism, analysing the installation process of Electric
Vehicles Supply Equipment services in different European contexts, focusing on the
location, reasons, aims, and implementation of the projects, as well as the private
or public actors involved. The final two chapters delve into the mathematical foun-
dations of planning methodologies for cycling networks. Pirolo, Moscarelli, and
Belotti (Chap. 12) present an optimization model to support decision-makers—such
as regional administrations—in increasing the attractiveness of cycleway networks
through the strategic installation of e-bike charging stations, applying the model to
the Sistema Nazionale delle Ciclovie Turistiche. Finally, Pirolo, Belotti and Malu-
celli (Chap. 13) extends an existing planning approach by employing optimization
models that jointly address charging infrastructure deployment and the design of
attractive cycling itineraries.
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The main part of this publication concerns the multidisciplinary research
developed within the MOST—Centro Nazionale per la Mobilita Sostenibile
(National Centre for Sustainable Mobility), funded by the European Union Next-
GenerationEU. MOST, through collaboration with 24 universities, the National
Research Council (CNR) and 24 large companies, has the mission to encourage and
support the development of modern, sustainable and inclusive mobility solutions
for the entire country, ranging from air mobility, light vehicles, and active mobility,
waterborne transport, rail, as well as the research on new fuels such as hydrogen,
digital systems for accident reduction, among others, to make the mobility system
‘greener’ as a whole and more ‘digital’ in its management (Centro Nazionale per la
Mobilita Sostenibile, 2023).

Author Contributions and Acknowledgments The authors have shared the concept of the article.
P.B. wrote Sect. 4. L.P. wrote Sects. 2-3. R.M. wrote Sects. 1.

The paper is a result of the study carried out within the MOST—Sustainable Mobility National
Research Center and received funding from the European Union Next-Generation EU (PIANO
NAZIONALE DIRIPRESA E RESILIENZA (PNRR)—MISSIONE 4 COMPONENTE 2, INVES-
TIMENTO 1.4—D.D. 1033 17/06/2022, CN00000023). This chapter reflects only the authors’
views and opinions; neither the European Union nor the European Commission can be considered
responsible for them.
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Fabio Fossa and Alessandro Piazza

Abstract This chapter aims to discuss the uptake of (e-)bikes from the viewpoint
of the ethics of transportation. More specifically, it intends to identify and critically
examine the moral values and arguments that are commonly mobilized when (e-)
cycling is presented as a promising means of transportation for current and future
mobility scenarios. Two lines of inquiry are explored. First, e-bikes, being a hybrid
of active and motorized means of transportation, interestingly intersect calls for
both modal shift towards cycling and transition to e-mobility solutions. The two
visions, however, do not necessarily rest on shared ethical grounds, which might
generate confusion and, thus, require further clarification. Secondly, projects aimed
at fostering the use of (e-)bikes in urban and non-urban contexts also rest on value
frameworks that only partially overlap, which equally poses the need for a critical
examination of their different normative presuppositions. By studying the ethics of
(e-)cycling along these two axes, the contribution endeavours to provide a critical
discussion of the moral desiderata linked to this transport mode and, thus, to support
ethical awareness in its integration into current and future transportation systems.

1 Introduction: Ethical Values and the Role of Cycling
in Contemporary Transport

Values are woven into nearly every aspect of transport debates. Whether we are advo-
cating for road safety, sustainable mobility, or equitable access, we are making judg-
ments about which values should orient the development of our transport systems.
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Some values have historically been more widely recognized. Safety, for example,
has long concerned transport experts, while sustainability has more recently become
central to transport practice, with its composite call to social, economic, and envi-
ronmental well-being. Other values, such as privacy, autonomy, and justice, are
increasingly attracting the attention of scholars, practitioners, and activists alike.

But what is a value? Values articulate shared conceptions of what is good, desir-
able, or worth striving for. Moreover, values are not just abstract ideals, but play a
crucial role in guiding our action: they direct policy choices, shape priorities and
investments, and influence how social systems develop. In this sense, values embed
a vision of the future, of the kind of society we aim to create, and the kind of lives we
think people should be able to live. Ethical values, therefore, fundamentally inform
transport decision-making, shaping the kind of mobility systems we strive to build.
Nonetheless, a structured reflection on the ethics of transportation is yet to be fully
established as a field of study (Richardson 1995; Santoni de Sio 2021). This chapter
aims at contributing to this process by focusing on how ethical values have influenced
the debate on (e-)cycling, addressing for the first time this issue in a systematic and
reflective way.

Indeed, cycling has long been inspiring perspectives on transportation that are
profoundly imbued with ethical values. Classic works such as Ivan Illich’s Energy
and Equity (Illich 1974) and popular books such as David Byrne’s Bicycle Diaries
(Byrne 2021) articulate visions where cycling is decisively characterized as capable
of promoting individual and social well-being in a context so fraught of conflicts
such as urban transport and life. The intimate connection between cycling and ethical
values is also noticeable in current frameworks that integrate urban and transporta-
tion planning to transition from car-centric cities to more liveable, human-centric
environments.

The rise of e-bikes is not only transforming our transportation systems—it is also
reshaping the ethical discourse around cycling. As this chapter shows, cycling has
traditionally been linked to values like sustainability, health, and fairness in urban
and non-urban life. E-bikes, by resembling conventional bikes but adding motorized
assistance, concurrently reinforce and disrupt these ethical associations. This calls
for a reassessment of how we understand the moral significance of cycling in today’s
transportation landscape.

As anticipated, this chapter presents some preliminary considerations on the
uptake of e-cycling from the viewpoint of transportation ethics. More specifically,
it aims to identify and critically discuss the moral values and arguments that are
commonly mobilized when cycling is presented as a promising means of transporta-
tion for current and future mobility scenarios. Moreover, it intends to assess whether
the uptake of e-bikes would confirm or challenge these ethical beliefs.

Two lines of inquiry are explored. First, as a hybrid of active and motorized
transport, e-bikes sit at the intersection of calls to promote a modal shift toward
cycling and to advance e-mobility solutions. However, these two mobility agendas
do not necessarily share the same ethical foundations, which can lead to confusion
and highlights the need for further clarification. Second, initiatives promoting e-bike
use in urban and non-urban areas are based on different, sometimes only partially
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overlapping value systems. These differences indicate the importance of explicitly
articulating and critically examining the values guiding these initiatives. By looking
at the ethics of e-bikes along these two axes, we endeavour to provide a preliminary
discussion of the moral desiderata linked to this means of transportation and, thus,
to support ethical awareness in its integration into current and future transportation
systems.

The chapter is structured as follows. Section 2 briefly overviews the wider urban
and transportation frameworks in which ethical claims surrounding cycling are most
notably embedded. The subsequent sections zoom in on relevant ethical values and
consider how e-bikes might impact these expectations. The values we discuss are
safety (Sect. 3), health (Sect. 4), environmental sustainability (Sect. 5), and justice
(Sect. 6). A conclusion summarizes the results of the study.

2 Cycling and the Car-Lite City

As mentioned, current claims linking cycling to ethical values are commonly
embedded in urban visions aimed at contrasting car-centric design and promoting
cities where human well-being is given priority. Frameworks sharing this objective
come under various names, but all look at bicycles as catalysts of their agenda.

In this sense, the most well-known framework is perhaps Carlos Moreno’s 15-
minute City, which advocates for restructuring urban environments along the lines of
proximity, density, mixed use, and ubiquity. The approach strives to redesign cities so
that services essential to well-being would be reachable in 15 min by walking, biking,
or public transport, thus “reduc(ing) road congestion, pollution, and dependence on
the private vehicle, while promoting an active and healthy lifestyle for residents”
(Moreno 2015, p. 105).

In his book The Bicycle City, Dan Piatkowski (2024) echoes these positions by
advocating for the car-lite city—i.e., a city where car traffic is not necessarily banned,
but cleaner, healthier, and more socially cohesive options are given priority. Bicycles,
Piatkowski stresses, are just one ingredient of the transition, but an eminent one: a
catalyst that, if opportunely and intelligently added to the mix, can bring substantial
results at limited costs.

Similarly, the Bicycle Urbanism movement—so well described in Colville-
Andersen’s book Copenhagenize (Colville-Andersen 2018)—also stresses the poten-
tial of cycling in the struggle against car dependency and for more liveable, human-
centric urban environments. Even if bicycles are obviously only a part of the bigger
picture, these perspectives on the future of cities share a vision according to which
promoting cycling will bring us closer to urban environments that support, instead
of hindering, human well-being.

As it is evident, these visions are based on normative foundations that define
what an ethically desirable city should look like. Despite their differences, they often
converge on key assumptions about well-being and moral values. Aspects that hinder
urban dwellers’ well-being are commonly identified in road safety risks, health issues,
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air and noise pollution, CO, emissions, extreme weather events linked to climate
change, social fragmentation and isolation, lack of access to essential facilities and
services, urban degradation, forced travel, and the social harms and economic costs
associated with congestion. Private cars, and the cities shaped to accommodate them,
are central to all these issues.

By reducing reliance on cars and prioritizing walking, cycling, and public transit—
so these authors claim—urban space and transport systems can be rethought to
better cope with many of the issues mentioned. Indeed, the path towards a safer,
healthier, happier, cleaner, greener, more just and inclusive, more socially cohesive
and resilient—in a word, more sustainable—urban life is importantly impacted by
how people are enabled and encouraged to move (Henderson 2013; Montgomery
2013; Golub et al. 2016). In this journey, the role of cycling is acknowledged as
essential.

E-bikes make their entrance against this background. It is against this background,
then, that their ethical significance is to be assessed. The following sections take a
closer look at the main ethical values informing narratives weaving together opposi-
tion to car-centrism, cycling, and liveable cities: safety, health, environmental sustain-
ability, and justice. We do so with a twofold aim. First, we intend to critically discuss
the association of these ethical values to cycling, so to shed a clearer light on what
is at stake. Secondly, we assess how the advent of e-bikes challenges or reconfigures
these associations, raising new questions about the ethical meaning of (e-)cycling in
contemporary mobility systems.

We hope that this preliminary inquiry on cycling and transportation ethics
might contribute to clarifying the moral expectations often linked to enabling and
encouraging the use of bicycles both in and beyond cities.

3 Safety: Between Promise and Peril in a Car-Centric
World

When cycling is discussed, the ethical value of safety is often mentioned in ways
that starkly (and instructively) reveal the challenges and conflicts involved in efforts
to overcome car dependence.

On the one hand, bicycles are promoted as means of transport that contribute
to make streets safer (Jacobsen and Rutter 2012; Colville-Andersen 2018). Being
light and relatively slow, they allow for gentle journeys which pose comparatively
low risks. Furthermore, they are associated with traffic-calming effects, slowing
down motor vehicles and creating a safer road environment for all—especially for
vulnerable road users. Finally, as Piatkowski (2024, p. 3) notes, “by encouraging
biking, neighborhoods can become denser, more walkable, more transit friendly”,
which also contributes to minimizing the safety risks posed by the major cause of
harm—drivers. On the other hand, cycling in cities is also widely associated with
danger and risk. Not only statistics on traffic fatalities show that cyclists are exposed
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to a disproportionate risk of being harmed (de Hartog et al. 2010), but biking is often
perceived as “terrifying” (Piatkowsky 2024, p. 28) and hazardous. How could cycling
be conducive to safer streets if those who pedal are disproportionately exposed to
harm and tend to feel unsafe?

Actually, the contrast between bicycles promoting safer streets and cyclists facing
high risks is ill-conceived since it overlooks the crucial role of infrastructure (Elvik
2021). Current approaches to road safety such as Vision Zero (Bjornberg et al. 2022)
and the Safe System Approach (Marshall 2024) have demonstrated the importance
of infrastructure design to enable road safety and influence transport mode prefer-
ences. Indeed, the contradiction looming on safety and cycling is a symptom of a
lack of appropriate infrastructure for accommodating cyclists’ needs (and rights).
Their dire safety conditions are the result of a “transportation system we’ve given
them but not designed for them” (Marshall 2024, p. 270). Car-centric urban and
transportation planning have shaped an environment that is tailored around drivers’
needs at the expenses of the safety and needs of other road users—especially cyclists
and pedestrians.

For this reason, marking cycling as unsafe without highlighting the role of car-
centric infrastructure is unconvincing at best. Encouraging the uptake of cycling in
cities that are designed to prioritize driving without implementing the right cycling
infrastructure, instead, is irresponsible. Indeed, building an environment that is safe
and welcoming for cyclists is a prerequisite to properly measuring the traffic safety
benefits that cycling yields. There is no contradiction, then, between current low
levels of safety and high safety potential. Current low levels of safety only prove
that safety is as much (if not even more) a matter of infrastructure than a matter
of individual behaviour and preferences. Material measures such as protected bike
lanes and policies such as those adopted within the framework of the 30 km/h City
constitute the conditions for safe cycling, without which any evaluation of its safety
is partial at best.

This becomes even more important when e-bikes enter the picture. Although
limited and somewhat mixed (Sundfgr et al. 2020), evidence seems to suggest that
e-bikes, being both heavier and faster, are harder to control and therefore more
dangerous than regular bicycles (Schepers et al. 2014; Gross et al. 2018; Gehlert
et al. 2018; Berk et al. 2022; Kroes et al. 2025). Such a relative increase in risk
makes it even more evident that infrastructure is needed to separate traffic and protect
different categories of vulnerable road users not just from drivers, but also from each
other. And since road space is often unevenly distributed in favour of drivers, creating
the conditions for safe cycling—and, thus, safer streets—means redistributing space
from cars to bicycles (and, perhaps, other micromobility solutions). Conflict, then,
is unavoidable. It represents an aspect of the discourse on safety and (e-)cycling
that should neither be downplayed nor underestimated but expected and proactively
managed.

A final consideration could be dedicated to tourism. e-Bikes are often praised
for making cycling tourism more inclusive. As Santilli and Soldavini (2019, p. 72)
envision, for example, mountain e-bikes will make mountain trails that are now
enjoyable only by fit, expert hikers, more accessible to a much wider public. The
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consequences of such a widening of accessibility to territories where safety risks are
tangible, that require expertise and care to be properly handled, and where rescue
and first aid services are not always easy to deploy, must be assessed. Increases in
accessibility are not to be paired with increased safety risks.

4 Health: Towards Inclusive Access to Active Mobility

The health benefits of cycling are central to its ethical appeal as a mode of transport
(de Hartog et al. 2010; Garrard et al. 2012; Mueller et al. 2015; Santilli and Soldavini
2019; Garrard et al. 2021). Increasing sedentary lifestyles pose health threats that
car-centric transportation models reinforce and are unfit to address. Active modes of
transport can considerably help contrast sedentarism and deliver at least part of the
exercise people need to stay healthy. The benefits of cycling on both physical and
psychological health are many. Cycling regularly is associated with beneficial effects
on the cardiovascular system, the cardiorespiratory system, muscle tone, stamina,
resistance to fatigue, lower levels of stress, self-perceived well-being, and happiness
due to environmental stimulation and endorphin release. Moreover, pedalling is a
movement that enables aerobic exercise without burdening joints excessively.
Urban environments, however, could be unwelcoming to people who would like
to travel and exercise at the same time. Even though it seems that pollution and
poor air quality do not actually pose a higher risk of respiratory diseases to cyclists
compared to other road users (e.g., Garrard et al. 2012; Tainio et al. 2016), they make
urban cycling less pleasant and harder to perceive as a healthy practice. Here as well,
the importance of implementing the right infrastructure to protect bicycle traffic and,
at the same time, create the conditions for less polluted streets becomes visible.
The arrival of e-bikes has sometimes been seen as a step back in this sense.
Being motorized and, therefore, limiting the ‘active’ component of cycling, doubts
have circulated on the impacts of their uptake on health. The bias that e-cycling is
‘cheating’ has taken root.' Indeed, e-bikes that do not require input from users to
move can be equated to passive modes of transportation. By offering an alternative
that does not include exercise, they might jeopardize the health benefits of cycling.
e-Bikes endowed with pedal-assist, however, have been shown to have positive
effects on health (Castro et al. 2019; Santilli and Soldavini 2019; Piatkowsky 2024).
Even though the electric motor helps exercise force on pedals, users still have to
contribute, which not only allows for a workout that is still significant in terms
of health benefits, but also enables cycling for social groups who perceive regular
cycling as out of their reach. Elderly people who lack the strength to pedal, unfit
or overweight people who are looking for ways to integrate some forms of gentle

1 See, e.g., https://corratec-uk.co.uk/do-you-get-any-exercise-with-an-e-bike-or-is-it-cheating and
https://www.cyclinguk.org/article/why-riding-e-bike-or-e-cycle-good-you#:~:text=Additionally %
2C%20e%2Dcycling%20can%?20improve,potential %20alternative %20to%20conventional %20c
ycling”.
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exercise in their daily life, and other social groups who would greatly benefit from
physical activity are now offered a new mode of transport that might help get the
workout they need.

Moreover, e-bikes present the possibility to keep on exercising through cycling
in less favourable conditions—e.g., in hilly territories or with hot weather, which in
many cases is becoming more frequent due to climate change and might not only
discourage regular cyclists, but also make it more dangerous for their health. As
Piatkowsky (2024, p. 42) summarizes, “topography, temperature, ability, and fitness
become less significant factors on an e-bike”. Far from turning an active mode of
transport into a passive one, e-bikes enable cycling to extend beyond the group of
conventional cyclists, thereby bringing related health benefits to social groups that
have traditionally been excluded.

5 Environmental Sustainability: Between Promise
and Trade-Offs

In addition to safety and health, the value of environmental sustainability constitutes
an essential piece of perspectives that insist on the ethical desirability of cycling.
Indeed, the bicycle is the sustainable means of transport par excellence. Its manufac-
turing is relatively simple, does not require rare or contested materials, and produces
low emissions. When used, it does not pollute, it is quiet and occupies very little space
compared to alternatives. It is a long-lasting artefact that can be repaired and recom-
missioned, and does not become obsolete too easily. When it comes to air quality,
CO; emissions, noise pollution, land use, life-cycle emissions, and durability, the
environmental advantages of the bicycle as an alternative to the private car are clear
and considerable.

Innovations in bicycle design have both amplified and challenged this narrative
(Piatkowski 2024). For example, cargo bikes make cycling even more feasible as a
replacement to both private and commercial motor vehicles. By allowing riders to
safely transport extra weight, cargo bikes represent a new solution for transporting
both other persons—e.g., kids—and goods—e.g., groceries. Moreover, cargo bikes
offer a viable alternative to vans for delivering goods in cities—an opportunity that
delivery companies are exploring in cities worldwide. The traffic-reducing, space-
freeing potential of transforming many private and commercial trips from drives to
rides thanks to cargo bikes is widely acknowledged.

Encouraging cycling in the pursuit of environmental goals not only applies to
urban mobility. Municipalities around the world (PIARC 2023) have been working
on networks of bike lanes to connect the city centre with the peripheries and hinter-
lands in an effort to decongest highways and offer more sustainable alternatives
for commuting back and forth. Moreover, long-distance bike lanes crossing through
territories also have potential to support more sustainable and active tourism and
entertainment.



22 F. Fossa and A. Piazza

The advent of e-bikes supports these developments in many ways. The attractive-
ness of long-distance rides for both fun and transport is expected to increase with
faster and less physically demanding vehicles. Cargo e-bikes make it easier and less
strenuous to transport people or goods around city streets, simplifying not only the
organization and execution of good delivery, but also the adoption of cargo e-bikes
as replacements for private cars (Piatkowski 2024).

On the other hand, e-bikes come with higher environmental costs. Compared to
regular bicycles, their production is more complex and more polluting. Materials
for batteries are rare, contested, and extracted with significant environmental costs.
e-Bikes’ lifespan is shorter, their maintenance more complicated, their disposal more
burdensome. The picture changes, however, if they are compared to cars and other
motor vehicles (Huang et al. 2022; Philips et al. 2022). Apparently, then, the environ-
mental desirability of e-bikes rests—perhaps not entirely, but importantly—on their
ability to reduce the use of motor vehicles. This is important to consider, we believe,
since some evidence suggests that e-cycling might sometimes replace cycling or
public transport use rather than driving (Kroesen 2017).

Finally, an evaluation of environmental impacts should not be blind to the effects
of infrastructure, which, as we have seen, constitutes an essential enabler of (e-)
cycling. While this might be less relevant in urban areas, it definitely is in the case of
natural environments. Considerations surrounding both the impacts of infrastructure
(e.g., charging stations) and the effects linked to increased numbers of human visitors
should be carefully evaluated when assessing the environmental sustainability of a
project. Moreover, it is unclear whether similar projects should also be evaluated
with regard to their potential to reduce tourism by private cars, or if in this case the
environmental sustainability of a project should be decoupled from this objective.

6 Justice: Who Gets to Ride? Equity and Inclusion in (e-)
Cycling

When it comes to the value of justice, a rapidly growing literature highlights how
cycling infrastructure reflects and often reinforces broader patterns of social and
spatial inequality (Doran et al. 2021; Martens et al. 2021; Tortosa et al. 2022;
Cunha and Silva 2023; Cunha et al. 2024). Investments in cycling infrastructure
often favour already privileged areas, while lower-income neighbourhoods remain
underserved, limiting access to services and opportunities and to the broader benefits
of active mobility for marginalized communities (Cunha et al. 2024). This pattern
compounds existing social injustices, as disadvantaged groups tend to suffer from
transport poverty, with limited car ownership and mobility budgets, and are often
forced to rely on cycling as a cheaper alternative (Allen and Farber 2019; Doran
et al. 2021). Moreover, the lack of safe and inclusive cycling infrastructure often
means that disadvantaged groups are either excluded from the health benefits of
active travel or exposed to greater risks in traffic when cycling in unsafe conditions
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(Doran et al. 2021). Addressing these disparities requires not only more equitable
infrastructure investments but also a broader cultural shift: embracing cycling as a
mainstream and accessible mode of transport for all.

Indeed, in European countries with an established culture of cycling, disparities
in cycling use tend to be smaller, supported by safer, more inclusive infrastruc-
ture that encourages participation across all groups, regardless of gender, income,
education, or occupation (Tortosa et al. 2022). By contrast, in many developed but
“low-cycling” countries—such as UK, Canada, and Australia—bicycle use is more
prevalent among higher-income men and tends to correlate with higher education
and stable employment, influenced by factors such as bicycle availability, secure
storage, and the absence of stigma attached to cycling (Heesch et al. 2015; Fuller
and Winters 2017; Tortosa et al. 2021). Moreover, cycling often correlates with
recreational use for higher-income groups in these countries, while lower-income
segments of the population tend to engage more in utility cycling, typically out of
necessity. This trend becomes more pronounced in the US and South America, with
lower-income groups making up a majority of cyclists — not as a result of inclusive
planning, but due to more severe levels of transport poverty and social inequality
(Tortosa et al. 2022). Despite these regional variations, disadvantaged communi-
ties everywhere tend to face structural barriers to cycling, including limited access
to secure bicycles, poor-quality infrastructure, overexposure to pollution and traffic
risks, and a lack of bike-sharing schemes. Improving access to cycling is, therefore,
a crucial step toward advancing just transport systems and addressing the structural
disadvantages faced by marginalized groups.

In this context, e-cycling holds the potential to either reduce existing disparities
by improving accessibility and active mobility for disadvantaged groups or, if not
carefully managed, to widen inequalities by mostly benefiting already privileged
groups (Ballo et al. 2023). In fact, e-bikes differ from conventional bicycles in several
ways. They allow higher speeds (up to 40 km/h), require significantly less physical
effort, and enable users to travel longer distances. Their extended range supports uses
beyond short trips for leisure or fitness, encouraging commuting, local deliveries,
and even replacing some car trips. However, these advantages come with trade-offs,
including higher costs and greater safety risks. These differences are relevant from
a justice perspective, as they shape who can benefit from e-bikes and under what
conditions.

Indeed, e-cycling raises important concerns about the distribution of the benefits
and burdens of mobility. e-Bikes have the potential to reduce physical barriers to
cycling, making active transport more accessible for older adults, the youth, people
with health conditions, or those facing long or hilly commutes. They provide a more
affordable alternative to car ownership for lower-income households by reducing
costs, especially when supported by vouchers, subsidies, or tax credits. Addition-
ally, e-bikes enable faster and farther trips, improving access to jobs and services in
areas with limited public transport. However, e-bikes also risk widening inequalities
when not carefully managed. Their higher cost means that without targeted financial
support, they remain largely accessible only to wealthier users, widening existing



24 F. Fossa and A. Piazza

socioeconomic inequalities in mobility. Moreover, the lack of safe cycling infras-
tructure in marginalized and low-income neighbourhoods increases safety risks,
especially given the higher speeds and weight of e-bikes. Finally, many e-bike
sharing programs tend to concentrate in central, high-demand areas while under-
serving peripheral neighbourhoods, reinforcing spatial injustices and denying equi-
table access to many disadvantaged communities (McNeil et al. 2017; Brown et al.
2019; Giuffrida et al. 2023; Berke et al. 2024).

Next to these distributive concerns, it is also essential to consider questions of
procedural and epistemic justice in promoting e-cycling through policy and plan-
ning. Achieving procedural justice means involving all community members in the
decision-making process. In this respect, participatory processes, such as citizen
action groups and participatory budgeting, can go a long way in democratizing plan-
ning and supporting the creation of (e-)cyclable cities for all (Doran et al. 2021).
At the same time, epistemic justice calls for greater awareness of the limitations of
dominant planning tools, such as peak-hour bicycle counters or smartphone-based
data, which often fail to capture the cycling patterns and needs of underrepresented
groups. Planners should start instead from the lived experiences of people to assess
their cycling accessibility in terms of both their ease of reaching destinations and
their exposure to traffic stress (Kent and Karner 2019).

7 Conclusion

To conclude, the creation of (e-)cyclable cities holds the promise to transform
urban mobility and promote greater transport safety, equity, public health, and more
environmentally sustainable environments. However, achieving this requires going
beyond a narrow focus on cycling infrastructure. Mainstreaming a culture of (e-)
cycling depends on broader urban policies aligned with the principles of the 15-
minute city—promoting compact urban form, diverse land uses, and close prox-
imity to essential services. Only then can (e-)cycling become a practical and inclu-
sive option for all. Finally, non-urban (e-)cycling raises ethical issues that only
partially overlap with more traditional concerns in transportation ethics, bordering
with questions about the ethics of tourism that need to be properly addressed.
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Improving Accessibility in Urban )
Contexts Through E-Mobility e

Matteo Colleoni and Rita Jankowski

Abstract E-bikes are often promoted as environmentally friendly alternatives to
cars, offering an extended range compared to traditional bicycles, overcoming
geographical challenges like distances, hills and slopes, serving as effective last-
mile solutions when integrated with public transportation and enabling specifically
elderly or people with reduced physical fitness to ride with less effort. They are more
affordable than cars and do not require a driving license, making them accessible to
a broader range of users. However, the potential of e-bikes to truly enhance urban
accessibility for all is not guaranteed. This chapter examines e-bikes through the
lens of inclusivity, exploring their role in creating a more equitable urban trans-
port system. It discusses the necessary conditions for e-bikes to become a genuinely
inclusive mobility option, such as access to safe and connected cycling infrastruc-
ture, secure bike parking, and seamless integration with public transport. The chapter
also considers potential challenges and risks, including unequal access and safety
concerns, that must be addressed to realize the full potential of e-bikes in improving
urban mobility.

1 Introduction

Despite growing attention to the issue of environmental transition and EU guide-
lines for achieving climate neutrality, Italian cities continue to record high levels of
polluting and climate-changing emissions. A significant proportion of these come
from the transport sector, accounting for around a quarter of total EU greenhouse
gas (GHG) emissions according to official statistics, 90% of which are due to road
transport (EEA 2025; MIT 2025). The negative consequences are well known, rising
average temperatures due to the greenhouse effect (GCP 2023), traffic congestion
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and occupation of public space, with a consequent deterioration in the quality of the
urban environment and people’s quality of life.

Large fleets of polluting motor vehicles also have the effect of reducing mobility
by public and active means (walking and cycling) and producing a modal split that
is heavily dependent on cars. In Italy, for example, over the last 25 years, the number
of vehicles on the road has increased by 34% (compared to a 5% increase in popula-
tion) and has reached a total of approximately 55 million vehicles (of which almost
41 million are cars), equivalent to a motorization rate of 930 vehicles per 1000
inhabitants (ACI 2024).

This is a very large vehicle fleet, but also a polluting one, considering that about
half of the cars belong to environmental classes lower than Euro 5 and that 84%
of them are equipped with internal combustion engines (ICE, diesel or gasoline).
Furthermore, if we consider the modal split, 67% of journeys are made by car or
motorcycle, 8% by public transport, 21% on foot and only 4% by bicycle (ISFORT
2024).

Traffic congestion has negative consequences not only on the urban environment,
but also on access to services and, more generally, on urban opportunities with
alternative modes of transport, shaping urban space according to the circulation and
parking needs of motor vehicles.

The issue of accessibility by foot and bicycle is particularly relevant in the contem-
porary debate on the city of proximity and, more specifically, on the 15-minute city.
The concept of the 15-minute city, although not new, has seen renewed interest over
the last decade alongside other models inspired by the city of proximity.

The reasons for this can be found in various factors that have converged in an
unusual way in the combination of events over the last decade. The first concerns the
consequences of widespread urbanization, which has led to increased land consump-
tion and greenhouse gas emissions and a deterioration in the quality of the urban
environment. The second factor concerns the COVID-19 pandemic, during which the
urgent need for access to emergency services, particularly social and health services,
had to contend with their scarcity or remoteness, especially in marginal areas.

These two factors, together with the measures adopted to resolve them and the
difficulty of accessing services, were summarized in the discussion on the 15-minute
city and, more generally, on urban accessibility to opportunities and social inclusion.

The essay summarizes the discussion, dedicating the first paragraph to the topic
of proximity accessibility in contemporary cities and the second to cycling mobility
and measures to improve active mobility in cities, with particular attention to the
advantages offered by electric technologies applied to vehicles and infrastructure.

2 Proximity Accessibility in Contemporary Cities

The debate on the city of proximity is taking place at a time of extraordinary chal-
lenges for urban development, the most important of which concerns climate change
and its consequences for urban ecosystems.



Improving Accessibility in Urban Contexts Through E-Mobility 29

The last decade has been the warmest on record, the causes of which can be traced
back to the increase in greenhouse gas (GHG) emissions due to human activities
(Friedlingstein 2023). Climate change is associated with a second challenge for
cities, namely strong population growth.

In 2024, the world population exceeded eight billion, with growth of over 30%
since the beginning of the century and a projected increase that will bring it to 9.5
billion by 2050, 90% of which will be in developing countries and 20% over the age
of 65. Population growth will mainly affect urban areas, which, despite covering a
limited area, are home to over half of the world’s population, a figure set to rise to
75% by 2050.

This anthropogenic pressure has the effect of increasing greenhouse gas concen-
trations and temperatures, with more pronounced consequences in urban environ-
ments and more negative effects on the most vulnerable populations, such as the sick
and the elderly. In fact, it is mainly in cities that the relationship between resource
consumption and greenhouse gas emissions is strongest.

As cities are where an increasing percentage of the population lives, works, and
socializes, most greenhouse gas emissions are caused by buildings and transporta-
tion, sectors that have a significant impact on the quality of the urban environ-
ment (Tilche et al. 2023). The consequences of unsustainable housing and transport
systems include not only high greenhouse gas (GHG) emissions and related damage
to the health of inhabitants, but also traffic congestion, occupation and degradation
of public spaces, noise pollution, and the risk of accidents, particularly for the most
vulnerable road users.

These challenges justify the focus on local accessibility, particularly in the contem-
porary debate on the 15-minute city proposed by Carlos Moreno (2024) and other
scholars (Zahaeer et al. 2022; Allam et al. 2022; Gall et al. 2024). Associated with
the image of a pleasant, people-friendly city that is predominantly pedestrian and
cycle-friendly, economically dynamic, environmentally friendly, socially inclusive,
and culturally vibrant, it is presented as an alternative to urban development associ-
ated with excessive noise, pollution, long commutes, traffic congestion, poor quality
of life, zoning, segregation, and inefficient use of time and space (Saliez 2024).

The proximity city model suggests a transformative planning theory that rethinks
urban space by emphasizing the principle of proximity, according to which essential
services must be accessible within a limited space—time threshold from homes by
walking or cycling. This approach challenges the status quo of urban development by
promoting a polycentric structure in which smaller activity centres reduce the need
for car travel and generate communities. An example of functional spatial integration,
the underlying assumption is that the optimal distribution of basic services leads to a
reduction in the demand for motorized travel, which in turn frees up time and space
that can be used to improve the urban experience.

Although the desire to save time has always been associated with transportation,
the last century was characterized by supply-side solutions based on increasing the
number, speed, and comfort of vehicles. The city of proximity, on the other hand,
acts on the demand side, paying attention to the conditions of access of actors to
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services, the true objective of mobility, of which transport is merely an instrumental
dimension, and to their equitable distribution throughout the territory.

The focus on accessibility, spatial equity, and proximity gives the city of prox-
imity a strong connotation based on values that, although present in other urban plan-
ning theories, bring it closer to the arguments of scholars of transportation, social
inclusion, and environmental justice (Lucas 2004; Sheller 2018). In particular, the
emphasis on access conditions refers to Kaufmann et al.’s work on motility (2004),
the set of socio-demographic, attitudinal, and material attributes that enable actors
to access the services, places, and social networks in which they can meet their basic
needs and participate in the social and economic life of the communities to which
they belong (Kenyon et al. 2002).

The focus on spatial equity in the distribution of services and infrastructure is part
of the debate on proximity services and the characteristics of urban space that promote
accessibility. The ability to access essential services on foot or by bicycle, regard-
less of the time of day, which is simply an indication of an acceptable space—time
threshold, raises the question of the criteria underlying the definition of a proximity
service.

Already addressed by various authors, who share the belief that in contemporary
societies the centrality of services refers to their ability to satisfy the set of needs
that underpin the socio-economic and relational well-being of individuals (Colleoni
2024), in sectoral studies the theme has been interpreted in a spatial-temporal sense
in terms of proximity services. According to Martens, these include services but
also places of socialization where basic needs can be met, suggesting differentiated
distribution policies according to the type of individual and modes of access tailored
to their characteristics and skills (2017). The issue of skills is particularly relevant
in urban societies in developed countries, where the high number of older people
requires attention to be paid to measures to support their mobility and orientation in
accessing services and places of interaction and social inclusion.

The latter aspect focuses on the second issue in the debate on spatial equity in
the proximity city, relating to the characteristics of space that promote accessibility
on foot and by bicycle. The debate on this topic can be summarized in the theory
of the so-called “five Ds of public space” and in more recent theories on “proximity
immobility.” Originally proposed by Ewing and Cervero, the former summarizes in
the five Ds of public space (high density and diversity of land use, design, accessibility
of destinations, and short distance from public transport) the characteristics that
public space must have to promote accessibility (2010).

Theories on proximity immobility, on the other hand, refer to the reorganization of
urban space and the distribution of services based on the principle of reducing travel
times and distances. The former is based on the Manifesto “plan more to travel less,”
according to which voluntary forms of limiting daily mobility could result from the
implementation of integrated land-use and transport policies focused on improving
physical and virtual accessibility through the proximity of opportunities and spatial
and social networks (Banister 2005).
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The same principle of ensuring proximity not through high mobility but through a
combination of accessibility, virtuality, and liveability of space is found in the prox-
imity planning proposed by Gehl (2011). Finally, some scholars believe it is necessary
to explore the positive implications of a shift from a development paradigm based on
globalization and high mobility to models centered on the principle of a local society
inspired by slowness and localism (Ferreira et al. 2017). Reformulating Kaufmann’s
concept of ‘motility’, these researchers propose the concept of ‘immotility’, in which
immobility, if reversible, is conceived as a form of capital in localist societies, where
low levels of mobility are not perceived as the result of a constraint, but rather as a
positive factor of closeness to the physical and social environment.

In conclusion, although difficult to achieve, it should be emphasized that the
narrative of the highly accessible and close city, like other visions and utopias of
the past and present, is creating a shared imaginary that aligns public and private
actors around the common goal of improving the quality and well-being of cities in a
historical phase characterized by unprecedented environmental and socio-economic
challenges. Proposals on how to achieve this goal and the benefits it could bring are
also contributing to the development of a common culture among public officials,
designers, and citizens in general on what a good city is and how it should be designed
(UN-Habitat 2022).

As part of the ASI (Avoid-Shift-Improve) approach to sustainable mobility poli-
cies, new electric mobility technologies applied to carriers and cycling networks can
finally make a significant contribution to reducing fleets of internal combustion vehi-
cles and greenhouse gas (GHG) emissions, as well as improving local accessibility
to urban opportunities.

3 Electric Bikes and Urban Proximity

Particularly in urban areas, cycling is considered as a viable alternative to motorized
vehicles, contributing to a cleaner, more sustainable, and liveable urban environment.
The environmental benefits of cycling are well-known. According to estimations of
UN Environment, switching from car to bicycle saves 150 g CO, per kilometre per
person (UNEP 2019). Several studies demonstrate that both the direct costs of cycling
infrastructure and the social costs considering health and environmental benefits are
significantly lower for cycling compared to motorized vehicles (Salensminde 2004;
Gotschi 2011; Macmillan et al. 2014; Brey et al. 2017; Rich et al. 2021). In the
concept of the proximity city, especially the 15-minute city, cycling is a fundamental
pillar, as the model envisions that various urban nodes and essential services should
be accessible within a 15-min walk or bike ride (Moreno 2019).

Taking the concept of the proximity city, we can see how different modes of
transport enable access to different distances. While walking allows access to a
radius of approximately 1.2 to 1.5 km in 15 min (assuming an average walking speed
of around 5 km/h), cycling significantly extends this range. In Germany, the average
cycling speed is approximately 14 km/h, although this can vary depending on factors
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such as age, topography, and urban context (Bikemap Blog 2021). Over a 15-min trip,
this corresponds to a travel distance of about 3.5 km for cyclists. Electric bicycles
further expand the 15-min travel radius. With pedal-assist motors, e-bike users tend
to achieve higher average speeds than those on conventional bicycles. Schleinitz
and colleagues found that riders of pedelecs (electric bikes with assistance up to
25 km/h) averaged around 17.4 km/h—roughly 2 km/h faster than traditional cyclists
(Schleinitz et al. 2017). Other studies in Europe have reported average e-bike speeds
ranging from 17 to 19 km/h in urban settings. At these speeds, an e-bike rider can
cover approximately 4 to 4.75 km within 15 min, extending access far beyond what
is typically possible with walking or conventional cycling.

Besides extending the proximity access range, conventional and electric bicycles
generally have the potential to extend the functional boundaries of urban space. By
requiring less physical effort and helping to overcome challenging topographical
terrain, the average distance traveled by e-bike users is increasing. In urban spaces,
with this extended proximity, e-bikes can serve as a serious alternative to cars for
daily commuting, as these distances correspond to the average commuting range
by car observed in European cities (European Commission. Directorate General for
Mobility and Transport et al. 2022). When combined with public transportation, e-
bikes can further expand the travel radius, improve first- and last-mile connectivity
and shrink perceived distances in urban mobility. The Netherlands provides a leading
example: roughly 47% of Dutch rail passengers reach the station by bicycle, illus-
trating how cycling extends the reach of transit well beyond walking range (Caletrio
2024).

As shown electric bicycles have the potential to reduce distance-related barriers
in urban mobility by enabling higher speeds and requiring less physical effort than
conventional bicycles allowing longer distances. However, accessibility must also be
understood through the lens of capability, as introduced by Amartya Sen. The capa-
bility approach emphasizes that equal access to infrastructure does not necessarily
result in equal real opportunities to use it, as individuals differ in their personal, social,
and physical circumstances (Sen 1983). In this view, having access to a bicycle or
cycling infrastructure does not automatically grant everyone the effective ability to
reach destinations. What matters is not only the theoretical opportunity, but whether
individuals have the actual capacity to convert that opportunity into meaningful use.
For this reason, Sen argues that attention must be paid not only to available resources,
but to people’s ability to utilize them, so according to his capabilities concept. This is
also proven by empirical analysis, where studies indicate that certain groups—such as
women cycling (Tin etal. 2009; Green et al. 2010; Meromet al. 2010; de Saetal. 2016;
Bandeira et al. 2017; Aguilar-Farias et al. 2019), elderly and children (Goel et al.
2022)—remain underrepresented in. Among the barriers reported for these groups
are physical fitness limitations and concerns around safety or infrastructure (Frater
and Kingham 2018; Pearson 2023). For some of these reported barriers to cycling—
such as physical exertion, limited fitness, or age-related constraints—e-bikes can
serve as an alternative. For older adults and individuals with physical limitations,
e-bikes can make cycling more manageable and less strenuous, enabling continued
or renewed participation in active mobility. Considering people with disabilities, and
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considering that circumstances are very different, the bicycle could be a useful tool
to enable independent movement. A survey among disabled cyclists done by the
charity “Wheels for Wellbeing” in the UK found that 60% of the participants found
cycling easier than walking and many use their cycle as a mobility aid (Wheels for
Wellbeing 2021). Adapted e-bike models, such as tricycles and recumbent bikes with
electric assistance can be an inclusive alternative here. These options support active
aging, social participation, and physical activity, aligning with public health goals
and promoting autonomy in daily life (Haustein and Siren 2015).

E-bikes can play an important role in supporting women’s mobility, particularly
in relation to care work and trip-chaining. Research has shown that women are
more likely than men to engage in complex travel patterns that involve multiple
stops for caregiving activities such as accompanying children, grocery shopping, or
visiting relatives. As Wild et al. emphasize, e-bikes help alleviate common barriers
to these activities—including physical exertion, time constraints, and the challenge
of transporting children or household goods. For mothers in particular, e-bikes offer
a practical solution to managing schedules by enabling commuting, caregiving, and
errands to be combined into a single journey. Cargo e-bikes, in particular, were
noted by study participants as tools that “democratise” cycling, making it helpful for
heavier daily transport needs (Wild et al. 2021).

Beyond their pedal-assist function, modern e-bikes are often equipped with inte-
grated digital communication technologies. These devices improve mobility and
accessibility by enabling the transmission and reception of data related to routing and
safety. Connectivity allows cyclists to remain digitally visible even in low-visibility
conditions or adverse weather. Moreover, connected systems can support real-time
navigation and safety alerts. In the event of an accident or hazardous situation, riders
are able to take preventive measures or request assistance.

4 Requirements for Inclusive Cycling

The potential of e-bikes to enhance proximity, accessibility, and individual capa-
bility—and to serve as a genuine alternative to other modes of transport—is however
inseparably linked to the quality of cycling infrastructure. To realise the benefits of e-
bikes, infrastructure must support not only conventional cycling but also the specific
needs associated with electric bikes. This includes the development of AAA cycling
infrastructure—that is, infrastructure suitable for “All Ages and Abilities”—enabling
all interested people to cycle safely and comfortably (National Association of City
Transportation Officials 2017).

Such infrastructure should consist of protected and well-connected cycling routes,
clearly separated from both motor vehicle traffic and pedestrian pathways. Adequate
width is particularly important in the context of e-bikes, as their growing presence
contributes to greater heterogeneity in cycling speeds. Sufficient space is needed to
ensure safe overtaking and to accommodate a diverse range of users, including cargo
bikes, tricycles, and other non-standard bicycles. Clear separation from pedestrian
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paths is especially important in the case of e-bikes, given their higher average speeds
and potential for conflict in mixed-use spaces.

Such high-quality infrastructure is a prerequisite for inclusive cycling, as research
indicates that fear of road traffic is one of the major concerns for people when it comes
to cycling (Davies 1997; Fishman et al. 2012; Lawson et al. 2013; Sanders 2015;
Pearson 2023).

Further infrastructure requirements include secure, weather-protected parking.
Given the higher value of e-bikes, theft is a major concern for many users. The
lack of safe parking facilities—particularly in residential areas and near transport
hubs—can discourage people from purchasing or regularly using e-bikes. This issue
is especially relevant for lower-income groups, who already express concern about
bike theft in general and may be even more hesitant to risk investing in a more
expensive e-bike without proper security infrastructure in place (Ledsham et al. n.d.;
Christie et al. 2011; Vietinghoff 2021).

When talking about the inclusivity of e-bikes, it is also necessary to mention
the issue of affordability, alongside their various potentials. While e-bikes can be a
cost-effective alternative to car ownership, they are still significantly more expensive
than conventional bicycles, making them less accessible to low-income groups. In
addition to the high purchase cost, there are ongoing expenses such as maintenance,
battery replacement, and theft protection.

Bike-sharing systems, when paired with appropriate infrastructure, can provide
a practical alternative for urban mobility (International Energy Agency 2024).
However, to be truly inclusive, these systems must extend beyond central urban
areas and high-income neighbourhoods. For example, in Milan, the BikeMi bike-
sharing system is available in areas with high socio-economic vulnerability. Yet, in
practice, it tends to be more accessible to those who already have multiple mobility
options, while underserved populations may still face barriers such as digital access,
payment methods, or limited docking infrastructure in peripheral areas (Jankowski
2024).

5 Conclusions

In recent years, the environmental transition has gained growing attention across
Europe, with the EU setting ambitious goals for climate neutrality. Nonetheless,
many Italian cities continue to struggle with high levels of greenhouse gas emissions,
particularly from the transport sector. Italy stands out for its exceptionally high rate
of vehicle ownership and a mobility system heavily reliant on private cars. This
entrenched car dependency not only contributes significantly to air pollution and
traffic congestion but also hampers the growth of sustainable alternatives such as
public transit and active modes of transport. As a result, urban spaces are often
shaped more by the demands of car traffic than by the needs of people.

The proximity city models offer an alternative vision, aiming to restructure urban
space around walking, cycling, and equitable access to essential services. At the
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core of the proximity city model is a planning approach grounded in the idea that
basic services should be reachable within a limited space—time threshold from home,
preferably on foot or by bicycle. This approach supports a polycentric urban struc-
ture that helps to reduce car dependence, encourages local living, and strengthens
community life. Its focus on accessibility, spatial equity, and proximity closely aligns
with key concerns in the fields of transport justice, environmental sustainability, and
social inclusion.

E-bikes offer real potential to support more sustainable and accessible urban
mobility. They make it easier to cover longer distances without a car, reduce the
physical effort needed to cycle, and can help more people—including elderly people,
women, and those with limited mobility—use bikes for everyday travel. When
combined with public transport, they can also improve first- and last-mile connec-
tions, helping to reduce car dependency and making more parts of the city reachable
without driving.

At the same time, their wider adoption depends on changes in how cities are
planned. Good cycling infrastructure—safe, connected, and separated from traffic
with adequate width—is essential if e-bikes are to become a real alternative for more
people. Secure and weather-protected parking is also important, especially given the
high cost of e-bikes and the concern about theft. Affordability more broadly remains
a key barrier, and without targeted support or inclusive bike-sharing options, many
people may still be left out.
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Planning for Urban Slow E-Mobility: )
A Synthetic and Systematic Review e
of Social, Infrastructural, and Safety
Challenges

Martina Carra and Michele Pezzagno

Abstract The rapid spread of soft and electric-powered micro personal mobility
vehicles (S&ePMVs) such as e-bikes and e-scooters is redefining urban mobility
debates. Their integration in the urban context remains ambiguous and a topic of
growing interest. Several studies and reviews focused on different topic-related,
e.g., micro-mobility and built environment relationship, safe bikeway infrastructure
design, or e-bike and e-scooter level-of-service. However, few studies investigated
a unifying approach to planning, infrastructural, and social issues related to their
integration. Therefore, this paper aims to identify the role of S&ePMVs within trans-
port and urban planning, and how they are integrated into planning, infrastructural,
and social issues, as well as opportunities and challenges therein. The synthetic and
systematic literature review is based on PRISMA methodology and examined 49 arti-
cles from 2013 to 2025. As a result, three analytical domains are examined: (i) social
challenges, (ii) planning strategies, and (iii) safety concerns and emerging conflicts.
Results revealed persistent tensions, e.g., disparities related to gender and age, uneven
infrastructural continuity and street space reallocation, and heightened safety risks
stemming from poor design. Therefore, while S&ePMV's promise to favour sustain-
able mobility and reduce car dependency, their diffusion also risks deepening inequal-
ities and generating new conflicts. Finally, results emphasised policy implications,
emphasising more flexible and forward-thinking strategies to integrate S&ePMVs.
This study provides urban planners and policymakers with evidence-based guide-
lines for integrating S&ePM Vs into transport systems, balancing sustainability goals
with equity and safety concerns.
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1 Introduction

Recently, cities have been facing increasingly complex challenges due to negative
outcomes of car-centred mobility models and the introduction of innovative mobility
opportunities. Factors such as climate change, air pollution, traffic congestion, and
the growing demand for sustainable mobility call for a transformation of urban
transport systems and spaces connected to them. In this context, soft and electric-
personal mobility vehicles (S&ePMVs)! i.e e-bikes, pedelecs, and e-scooters, have
assumed a relevant role (Boglietti et al. 2021; Bretones and Marquet 2022). The
global S&ePMVs market has been growing in the past few years and is currently an
option for urban mobility as an alternative to private cars and complementing public
transport (Sabbaghian et al. 2023; Lin et al. 2017; Fan and Harper 2022). However,
this growth introduced new challenges of compatibility (e.g., Gossling 2020).

Consequently, a rapidly expanding strand of literature has focused on S&ePMVss
from several perspectives, e.g., user, management, and operational. Specifically,
studies have analysed how S&ePMVs generate new spatial and aspatial forms of
coexistence and cohabitation. While they can enhance opportunities for inclusion
and independence, they expose limits to perceived safety, gender equality, and spatial
justice (e.g., Cubells et al. 2023a; Fyhri et al. 2017). Parallelly, several studies
have addressed the systemic re-planning of infrastructures, highlighting relation-
ship patterns of human activity to the built environment, and concept and methods
to redistribute (or reallocate) “road” space (e.g., Zhang et al. 2023; Ballo et al.
2023). Finally, some authors have deepened the topic related to speed profiles, inad-
equate infrastructures, and unpredictable behaviours, which generate both objective
and perceived risks, and strongly affect the propensity to use S&ePMVs and the
broader social legitimacy of active mobility users (e.g., Porojkow and Lilner 2024;
Kazemzadeh 2025).

The debate is open and increasingly attracting attention from both scholars and
practitioners. Therefore, this study provides a critical review of the literature (2013—
2025) on three analytical domains of S&ePMVs: social, planning, and safety issues.
The aim is to highlight unresolved tensions and emerging solutions, thereby offering
areference framework of knowledge to support decision-makers and urban/transport
planners.

The paper is structured as follows: Sect. 2 describes the methodology adopted;
Sect. 3 presents the results; Sect. 4 discusses the findings, concluding with a proposal
of a set of guidelines.

1 The literature offers multiple definitions of S&ePM Vs, yet there is general consensus in delimiting
the category to lightweight vehicles, typically under 35 kg, with maximum speeds of around 25 km/
h, powered by small electric motors and suitable for short-distance travel. These include primarily e-
bikes (pure, pedelec, and hybrid) and e-scooters, while other devices such as segways, hoverboards,
and monowheels remain marginal and are therefore not considered in this paper. S&ePMVs may
be operated either through shared services (docked or dockless) or in private ownership.
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2 Methodology

The review is based on the Preferred Reporting Items for Systematic reviews and
Meta-Analyses (PRISMA) framework, structured into four phases, i.e., identifica-
tion, screening, eligibility, and inclusion (Moher et al. 2009). The research question
focused on the role of S&ePMVs within transport and urban planning, and how they
are integrated into planning, infrastructural, social, and governance issues, as well
as opportunities and challenges therein.

The identification phase consists of a comprehensive search in the Scopus
database, using a keyword string covering vehicles types (“e-mobility”, “micro
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mobility”, “electric micro vehicles”, “e-scooter”, “e-bike”, “ebike”, “ecargo”,

LLINNT3

cargo”, “personal mobility vehicle”, “S&ePMVs ) and urban dimensions (“urban
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planning”, “transport planning”, “infrastructure”, “shared urban spaces”, “safety”,
“accessibility”, “policy”, “conflict”, “innovation”). Keywords are combined with
boolean (AND, OR) and truncation operators to form a precise and adaptable search
string. The analysis resulted in a total of 2,385 records. During screening, irrelevant
disciplinary fields (e.g., medicine, physics, chemistry; n = 332) and non-English
contributions (n = 18) were excluded. Further filters restricted the dataset to journal
articles/reviews (n = 419). Next, titles (n = 1,231) and abstracts (n = 212) were
analysed for relevance, resulting in 273 records. The eligibility phase excluded addi-
tional studies marginal to the research focus (n = 214). To ensure conceptual clarity,
shared mobility studies were excluded given the heterogeneity introduced by busi-
ness models, operating rules, and redistribution dynamics. Therefore, studies not
addressing individually owned S&ePMVs are excluded. Those focused on non-urban
areas or primarily focused on accessibility to public transport or travel behaviour
unrelated to infrastructure or planning, since it is not the aim of the present study, as
well as those centred on pollution, batteries, or energy storage. Obviously, unavailable
texts were eliminated.

Lastly, 49 articles between 2013 and 2025 resulted in the inclusion phase and
were then analysed, highlighting their exponential interest (Fig. 1).
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3 Results

The literature identifies three recurrent and critical analytical domains that constitute
the focus of this review: social challenges, planning strategies and infrastructure
provision, and safety concerns and emerging conflicts.

3.1 Social Challenges

Diffusion of S&ePMVs is not only a technological shift but also concerns social
questions related to equity, safety, and the cohabitation of public space (Rainieri
et al., 2024). Users are constantly required to negotiate their right to public space,
sharing roads and sidewalks with cars and pedestrians. These interactions create
conflicts: in car lanes, S&ePMYV users feel vulnerable and disregarded; on sidewalks,
their increased speed generates insecurity amongst pedestrians (Cubells et al., 2023a).
While these tensions are intrinsic to the very nature of shared urban space, they largely
depend on how co-existence is ruled and managed. These dynamics are also strongly
influenced by people’s behaviour, shaped by demographic and psychosocial factors
that intervene in decision-making processes and in the formation of preferences
(Bretones & Marquet, 2022).

Acceptance is complex and far from uniform: gender, age, socio-economic condi-
tions, and individual perceptions shape patterns of access and everyday use. Two main
demographic clusters emerge from the literature.

The first relates to gender dynamics. Several studies document the persistent gap
between men and women in the use of S&ePMVs (Moinse 2025). Women are less
likely to use these vehicles (particularly e-scooters) and when they do, they tend to
restrict their trips to routes with dedicated infrastructure that is physically separated
from motorised traffic (Cubells et al. 2023a). This imbalance reflects both structural
and cultural factors. For instance, in countries such as the Netherlands, Denmark,
and Germany, the development of continuous and safe cycling routes has resulted
in a fairer distribution of use. Therefore, the most significant barriers are related to
traffic protection and vulnerability to crash exposure (Moise 2025). Other obstacles
concern greater visibility in public space while riding: more than one-third of women
report having experienced at least one episode of harassment while using an e-bike or
e-scooter (Adorean et al. 2025). As a result, many develop avoidance strategies such
as not travelling at night, avoiding isolated or poorly lit routes, or limiting the use
of S&ePM Vs to specific contexts. Recent research suggests that S&ePMV adoption
tends to exacerbate such inequalities, reinforcing the same gender divide already
observed in traditional cycling.

The second cluster concerns older adults, who often withdraw from active mobility
due to physical limitations or safety concerns. In this regard, S&ePMVs, especially
e-bikes, can represent an opportunity, enabling them to maintain everyday indepen-
dence and social networks even in later life (Leger et al. 2019; Van Cauwenberg
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et al. 2018). Assisted pedalling reduces effort and expands the range of feasible
slopes and distances, without eliminating the health benefits of active mobility. In
suburban areas, where public transportation provision is limited, S&ePMVs are often
a possible resource in the prevention of social isolation. However, several obsta-
cles persist, such as perceived insecurity at intersections, difficulties inherent in the
dynamic encumbrance of sidewalks, the scarcity of dedicated and segregated cycle
infrastructures, and the risk of single-vehicle falls. These findings highlight the need
for more inclusive infrastructure design inspired by the principle of “All Ages and
Abilities”, especially considering that this demographic group is steadily growing
(Leger et al. 2019).

Socio-psychological factors also play a critical role. People adopt S&ePMVs
both for functional (i.e., time and cost savings, convenience) and symbolic (i.e.,
well-being, independence, social status, enjoyment, environmental sensitivity) moti-
vations (Bretones and Marquet 2022; Rérat 2021). Nevertheless, perceived insecurity,
a lack of dedicated infrastructure, the risk of theft, and high costs remain widespread
barriers (Fyhri et al. 2017; Lin et al. 2017). Expectations further shape satisfaction
levels: longitudinal studies in the Netherlands show that although satisfaction with
e-bike trips remains high, it is often lower than initial expectations, pointing to a
“focusing illusion” effect (de Kruijf et al. 2019). Similarly, Khavarian et al. (2024)
observed that the expectations of users about travel time and convenience did not
always match their experience, primarily due to infrastructure discontinuities that,
in most cases, forced them to choose less optimal routes.

Finally, the question of spatial justice also emerges. Case studies in San Francisco
and Montréal reveal how infrastructures and services often favour central districts
over peripheral and less affluent areas, which remain dependent on private cars. This
uneven provision shows how, when left to market dynamics alone, S&ePMVs may
exacerbate territorial disparities and reinforce power imbalances between central
urban areas and their hinterlands (Moran 2021; Romm et al. 2025).

In summary, the transition toward S&ePMVs is not a neutral process. It implies
political and cultural choices that determine who will be able to obtain sustainable
mobility and who will probably be denied.

3.2 Planning Strategies and Infrastructure Provision

Infrastructure planning constitutes a significant challenge. While initially, S&ePMV's
were often interpreted as a spontaneous innovation, driven by commercial experi-
mentation or local initiatives, their growing diffusion and heterogeneity today require
a systemic rethinking of infrastructures. Three themes stand out as particularly rele-
vant: the influence of the built environment, the development of dedicated networks
and infrastructures, and the redistribution of public space in favour of S&ePMVs.
The literature examining the impact of the built environment on S&ePMV owner-
ship and use has relied on the “D” framework (i.e., density, diversity, and design,
later extended to accessibility, distance to public transport, demand management, and
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demographics) as an interpretive frame to explain the relationships between urban
form and modal choice (Zhang et al. 2013, 2023; Zhao et al. 2018; Jin et al. 2023).
Several studies had similar findings about the influence of residential density, func-
tional mix, and public transport quality on S&ePMVs adoption. However, regional
variations were observed. Specifically, Ding et al. (2019) have shown that these
dynamics are non-linear, i.e., moderate density tends to foster it, while extremely
high levels might discourage it due to competition with walking and public trans-
port. In long distances and low-quality transit services, S&ePMVs often emerge
as alternatives to cars, particularly for low- and middle-income populations. Socio-
demographic factors also modulate the propensity to adopt them (Cubells et al. 2023b;
Yu et al. 2022). Longitudinal research further confirms that the effects of the built
environment consolidate over time: living in high-density areas or in contexts with
good accessibility to destinations may initially reduce the use of S&ePMVs, but in
the long run, induce a positive adaptation (Zhang et al. 2025).

Based on these variables, a second stream of studies has focused on methodolog-
ical tools for planning dedicated networks and infrastructures to support decision-
making. GIS-based and multicriteria approaches have been developed to prioritise
infrastructure investments by considering demand, safety, proximity to points of
interest, and crash data (Fazio et al. 2021). Demand has been estimated employing
floating car data and predictive models to count the percentage of modal shift from
cars to S&ePMVs. For instance, Comi and Polimeni (2024) have estimated a value of
about 22% in medium-sized cities. Data-driven models have also integrated cycling
crash data to demand flows to balance safety and territorial coverage objectives
(Folco et al. 2022). Approaches and techniques such as space syntax and GPS use
have enabled the analysis of route choice dynamics, incorporating network spatial
structure into planning models (Schumann et al. 2025). These tools allow the tran-
sition from localised interventions to systemic network planning that accounts for
both urban morphology and user routing preferences. However, the expansion of
cycling networks tends to generate only marginal increases in already developed
contexts, such as in Denmark, whereas it proves more significant in countries with a
less consolidated cycling culture (Hallberg et al. 2021).

On the infrastructural side, quality is a decisive factor. Users tend to prefer contin-
uous and extensive cycleways, physically separated from vehicular traffic, even if it
requires a detour from the shortest route (Van den Steen et al. 2022; Meister et al.
2023). E-bikes tolerate longer distances and higher gradients. E-scooters are sensitive
to pavement conditions, traffic lights, and pedestrian crowding (Cao 2025). Suitable
lighting, urban furniture, and tree cover amplify attractiveness in both cases (Hu et al.
2024). The results indicated the need for synthetic standards of infrastructure with
regard to the specifics of each S&ePMVs type.

A third group of studies focused on the more “radical” re-allocation of road space
in favour of S&ePMVs. Ballo et al. (2023) proposed the “E-Bike City” as a new
idea/starting point for transport policy discussions. Therefore, the authors outlined a
research agenda for testing the effects of the re-allocation of car lanes into spaces for
bicycles, pedestrians, and S&ePMV's without undermining the overall functionality
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of the transport system. Subsequent studies have formalised automated and non-
automated processes for reallocating space at the network level, showing that it is
possible to quadruple cycling capacity while maintaining adequate services for public
transport and cars (Ballo et al. 2024; Romm et al. 2025; Zhu et al. 2025). Romm
etal. (2025) further showed that even in scenarios of heavy investment and large-scale
reallocation of infrastructures to S&ePMVs, vehicular traffic still retains the majority
of roadway capacity. In such contexts, redistribution may also acquire a dimension
of social justice, improving accessibility for those without private cars, especially
in low-density suburban areas (Zhu et al. 2025). However, in high-density urban
areas, the reduction of car spaces may disproportionately affect certain social groups,
requiring compensatory policies to prevent exacerbating existing inequalities.

In summary, planning for S&ePMVs emerges as a multidimensional process that
reflects broader tensions between incremental adaptation and radical redesign, and
underscores that infrastructure provision is not only a mobility issue but also a spatial
and environmental imperative.

3.3 Safety Concerns and Emerging Conflicts

Safety is one of the central issues in the diffusion of S&ePMVs: the introduction
of new vehicle dynamics on infrastructures that are often inadequate can generate
risks along network links and at intersections. Unlike traditional bicycles, S&ePMVs
exhibit distinctive riding behaviours, such as rapid acceleration and varied speed
profiles, which further complicate their coexistence with other transportation modes
(Kazemzadeh and Ronchi 2021; Cai et al., 2020).

The issue of coexistence in shared spaces is particularly critical: sidewalks and
non-motorised lanes are often merged into mixed-use environments. Mitropoulos
et al. (2023) report that in more than half of the studies analysed, e-scooters were
found to share the road with other users, generating tensions with both pedes-
trians and cyclists. Due to undersized and insufficiently designed infrastructure, a
high frequency of overtaking manoeuvres and interactions forces S&ePMV users to
occupy car lanes, thereby increasing the risk of collisions or adopting unpredictable
behaviours (Porojkow and Lifiner 2024). Trajectories and GPS data analyses also
proved that frequent deviations are often related to infrastructures that are not contin-
uous (Zuniga-Garcia et al. 2021; Cubells et al. 2023a; Porojkow and Lifiner 2024;
Mitropoulos et al. 2023). At the same time, the flexibility and unpredictability of
pedestrian movements—the most vulnerable road users—often compel S&ePMV
riders to perform sudden evasive manoeuvres, resulting in instability, difficulties in
vehicle control, and increased risk of collisions with pedestrians or other obstacles
(Sim and Cho 2025).

Many variables, such as the ratio of pedestrian and S&ePMVs flows and gender
differences, influence the severity of conflicts. Homogeneous flows tend to reduce
risks due to their more uniform speeds, whereas high heterogeneity among users
increases the frequency of overtaking and collision probability (Miao et al. 2025).
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The probability increases and gets worse with deviant behaviours, i.e., wrong-way
riding or impeding lawful lane use due to illegal parking. These findings indicate
the fragility of current strategies for managing shared spaces (e.g., Khavarian et al.
2024).

Speed is a crucial determinant. Research on riding patterns in Switzerland has
revealed that e-bikes ride faster than conventional bicycles and s-pedelecs frequently
exceed the 23 km/h limit, also within zones with a speed range of 20-30 km/h (Maurer
et al. 2025). These discrepancies translate into slower reaction times and increased
risk exposure. Infrastructure characteristics further affect behaviour: painted cycle
lanes on roadways are associated with higher speeds, while segregated cycle tracks
tend to induce slower riding. Speed-limiting regulations also have an influence on
modal choices: stricter limits often push S&ePMV users onto sidewalks, increasing
interactions with pedestrians, while higher limits favour their use of road lanes
(Cicchino et al. 2023).

Infrastructure conditions are also critical. Poor pavement quality, fixed obstacles,
and illegal parking are recurring causes of crashes and falls, particularly for e-scooter
riders (Kazemzadeh and Sprei 2022; Kazemzadeh and Ronchi 2021). Experimental
studies have shown that instability increases with speed and that irregular surfaces or
height differences significantly amplify the risk of overturning, suggesting the need
for stricter regulations and continuous surface maintenance (Kwon et al. 2024).

Finally, intersections have been analysed with respect to user behaviour near
traffic lights. Cai et al. (2020) proved that S&ePMV users are more likely than
traditional cyclists to cross at yellow or red lights, leveraging the difference in accel-
eration and speed. Similarly, van Lierop et al. (2020) on wayfinding signage on cycle
highways, indicating that customised, conspicuous signs positioned in advance of
decision points enhanced feelings of safety and reduced trajectory errors. These find-
ings underscore the role of wayfinding systems and integrated design solutions that
increase legibility and provide adequate reaction times (Kazemzadeh 2025).

4 Discussion and Conclusions

The results show that the diffusion of S&ePMVs represents a significant chal-
lenge for urban and transport planning. The evidence gives an ambivalent picture,
suspended between promises and persistent challenges. Daily, users negotiate their
right to public space (and, more broadly, to the city) in contexts marked by conflict,
vulnerability, and asymmetries of power, while cities struggle to provide adequate
infrastructures. These dynamics converge in highlighting a multidimensional issue
characterised by substantial governance deficits.

From a social perspective, S&ePM Vs raise questions of equity and spatial justice.
Infrastructures concentrated in central and affluent neighbourhoods amplify exclu-
sion and perceptions of insecurity and marginalisation (Moran 2021; Zhu et al. 2025).
In peri-urban areas, which are often car-dependent and poorly served by public trans-
port, the absence of dedicated facilities further accentuates the divide with urban



Planning for Urban Slow E-Mobility: A Synthetic and Systematic ... 47

cores. In this sense, policies cannot simply promote device adoption; instead, they
must ask who is included and who remains excluded from new forms of mobility,
due to both endogenous and exogenous factors (Adorean et al. 2025; Cubells et al.
2023a).

Studies focused on planning strategies reveal the tension between incremental
interventions and transformative visions. While the built environment and network
quality remain key determinants (Zhang et al. 2023), to enable permanent user reten-
tion (Khavarian et al. 2024), a one-size-fits-all approach is not sufficient. Instead,
infrastructural continuity, diversified standards, and public space redistribution turn
into conditions to scale up the phenomenon. Radical proposals, such as the “E-Bike
City,” highlighted that the challenge is both political and technical: how much can car
space be reduced to increase active mobility? What regulatory regimes can resolve
conflicts and favour co-existence (Ballo et al. 2024; Romm et al. 2025)?

Parallelly, evidence in the safety analytical domain reveals that deceleration or
enforcing individual responsibility (e.g., helmets, age restrictions) alone is insuffi-
cient. Poorly legible mixed-use contexts, congested sidewalks, and critical intersec-
tions transform the promise of sustainability into new sources of risk (Cai et al. 2020;
Sim and Cho 2025). A centre—periphery dichotomy emerges: in cities, conflicts are
primarily caused by space over-saturation, while in suburbs, risks are caused by the
lack of dedicated infrastructures and having to share carriageways with motorized
transport. Safety here is not just to be considered a technical condition but also as
being within a subjective dimension from which legitimacy and political response
are derived (Mitropoulos et al. 2023).

Overall, these three domains underscore the role of governance. Disjointed and
fragmented approaches, conflicting or overly directive rules, and wielding authori-
tative instruments in the lack of a precise and integrated vision can produce a policy
vacuum that neither effectively protects users nor creates an actual paradigm shift
(Curtis et al. 2025). Moreover, cost—benefit analyses show that although significant
social and environmental returns exist, the additional (and high) safety-related costs
require recalibration of strategies (Rich et al. 2021).

In light of these findings, several guidelines emerge that should be integrated into
urban planning frameworks as operational suggestions for policymakers (Table 1).

In conclusion, this review aims to shed light on both the opportunities and critical
issues associated with S&ePMVs. However, it remains limited to the longitudinal
and comparative studies selected, thus pointing to the need for more systematic,
multi-level analyses in the future, with particular emphasis on the ex-post evaluation
of infrastructural changes.
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Toward a Spatially Equitable Diffusion )
of Electric Mobility. Empirical Evidence Sheshse
in the Milan Urban Region

Paola Pucci and Luis Leal Pinho De Morais

Abstract E-mobility plays a key role in enabling a post-car city scenario, which
aims to reduce car dependency through integrated transport and land-use strate-
gies, alongside the promotion of active mobility, e-shared mobility services, e-
transport networks, and related digital platforms. Two critical issues have emerged in
advancing the e-mobility transition. First is the need for targeted incentives and poli-
cies that support the diffusion of electric vehicles (EVs), grounded in socio-spatial
conditions. Second is the planning and deployment of a suitable charging infrastruc-
ture network that not only meets the spatial efficiency of supply and demand but also
ensures integration with public transport systems, shared mobility services, micro-
mobility, and active travel modes. Focusing on the Milan urban region (Northern
Italy), this chapter investigates the spatial conditions influencing EV adoption and
introduces a novel indicator—the “power gap”—to assess the adequacy of public
charging infrastructure by comparing its supply with the demand derived from EV
registrations, within a scenario-based perspective. This approach aims to support
policymakers and stakeholders with actionable insights and strategic recommenda-
tions to guide the development of a more sustainable, efficient, and equitable charging
network, thereby accelerating the broader transition to low-carbon urban mobility.

1 Introduction: E-Mobility and the Post-Car City

E-mobility has been widely regarded for some years as a promising condition for
a sustainable mobility transition, particularly if electricity generation shifts from
fossil fuels to renewable energy sources (Crabtree 2019; Rietmann et al. 2020; Thiel
et al. 2019; Zhang and Fujimori 2020). While electric vehicles (EVs) offer potential
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sustainability advantages, these benefits depend not only on the integration of renew-
able electricity sources, adequate charging infrastructure, but also on the supportive,
integrated transport systems, such as shared mobility and public transport options
within a multimodal transport scenario.

This is necessary also because the pathway “mobility with lower emissions”
decoupling mobility from emissions thanks to a technology fix (Givoni 2013, p. 209),
in the case of EVs, risks not obtaining appreciable results, due to some critical
takes on electric mobility, such as the high energy-intensive production required
for EV batteries, or traffic congestion, road accidents, and the widespread, parasitic
appropriation of public space by the private uses of the (e)cars (Buberger et al 2022).

Hence, e-mobility can play a key role in promoting sustainable urban mobility,
only if it is embedded within a broader mobility ecosystem, where the role of the
private vehicle changes, along with travel habits. The shift towards electromobility
should thus be conceived as part of a wider vision—one that incorporates innovative
solutions to enhance already sustainable modes of transport, including public transit,
shared mobility, and active travel, along with policies aimed at fostering intramodality
and proximity-based accessibility (Moreno et al. 2021; Gower and Grodach, 2022;
Allam et al. 2022; Pucci and Vecchio, 2024).

This approach aligns with what has been referred to as a “post-car city” scenario
(Beyazit 2013), which aims to reduce car dependency through integrated transport
and land-use strategies, alongside the promotion of active mobility, e-shared mobility
services, e-transport networks, and related digital platforms (Coppola and Pucci
2023).

Efforts toward a post-car city are increasingly reflected in urban agendas world-
wide. These initiatives are driven by the recognition that cities need not only different
types of vehicles (e.g., electric, hydrogen-powered, or autonomous), but also fewer
vehicles overall (Burns 2013; Legacy et al. 2019).

In these experiences, policies that support electric mobility must deal with two
critical issues, addressed by this paper. The first concerns the need for targeted incen-
tives and policy measures to support the adoption of electric vehicles (EVs), tailored
to the socio-spatial contexts that may hinder their uptake. The second involves the
planning and implementation of a suitable charging infrastructure network—one that
not only aligns with the spatial dynamics of supply and demand but is also seam-
lessly integrated with public transport systems, shared mobility services, micromo-
bility options, and active travel modes. Such integration facilitates intermodal travel,
reduces reliance on private car ownership, and supports a more efficient, flexible,
and sustainable mobility ecosystem—given the centrality of mobility hubs as places
where multimodality can occur.
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2 Targeted Incentives and Socio-spatial Conditions
for e-Mobility

For a long time, research into the diffusion of electric vehicles (EVs) has primarily
focused on scenario construction to assess EV adoption trajectories over the medium
term, combining spatial and temporal aspects of EV demand (Higgins et al. 2012;
Kihm and Trommer, 2014; Zubaryeva et al. 2012). Several studies have also mapped
EV registrations and identified residential locations and potential EV adopters
(Campbell et al. 2012; Morton et al. 2018), as well as the optimal locations for
public charging infrastructure (Bailey et al. 2015; Namdeo et al. 2014).

By focusing mainly on stated preferences or historical EV registration data, these
studies typically find that EV uptake is concentrated in highly urbanised areas where
income, education, and home ownership levels are relatively high. However, in such
contexts, the one-to-one replacement of internal combustion engine vehicles (ICEVs)
with EVs is not a viable long-term solution to issues such as traffic congestion and
the excessive use of public space by private cars (Kester et al. 2020; Newman et al.
2014; Plotz et al. 2014).

Studies offering overviews of the benefits and challenges of Nordic electric
mobility across urban, suburban, and rural areas provide additional valuable insights
for addressing diverse territorial and user profiles. These findings are particularly
useful for guiding the EV transition in specific spatial contexts, including rural
areas (Kester et al. 2020; Sovacool et al. 2019), highlighting the urgency of inves-
tigating the spatial patterns of electric vehicle (EV) demand. This is a key issue for
two main reasons: first, to ensure that even peri-urban and car-dependent areas are
equipped with adequate recharging infrastructure; and second, to guide the allocation
of incentives and subsidies in a more equitable and efficient manner.

Empirical evidence shows that policy measures will be more effective and fairer
if they are informed by the sociospatial conditions that give rise to differentiated
mobility needs and demands (Pucci 2021). Addressing these sociospatial conditions
is also crucial for shaping diversified, context-specific EV policies that can help
manage concerns about the environmental sustainability of electric mobility. This is
particularly important given the contradictory effects of undifferentiated EV purchase
incentives, often justified by a generalized narrative about the positive impacts of EV
diffusion. Such a narrative overlooks the need to understand the varied territorial and
social contexts that influence how the EV transition unfolds across different regions.

Considering spatial and social conditions for the diffusion of electric vehi-
cles means dealing with at least three differentiated spatial perspectives (Pucci
2021). In high-density urban settlements with strong public transport networks,
policy measures should prioritise the reduction of private car ownership. Rather
than promoting the one-to-one substitution of internal combustion engine vehicles
(ICEVs) with EVs, policies should encourage the shared use of electric vehicles,
increase vehicle occupancy rates, and foster multimodal integration. These strate-
gies should be accompanied by car restriction policies, such as extending congestion
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charges to private EVs. Within this framework, financial incentives should be redi-
rected to support EV-sharing schemes and the development of fast-charging infras-
tructure, strategically located along major transport corridors, at multimodal hubs,
and near key points of interest (POIs). Regulatory measures should be designed to
discourage the private use of EVs by limiting benefits such as free parking, access
to congestion charge exemptions, or use of bus lanes to shared electric vehicles
only. This would align EV policies with broader goals of urban sustainability, equi-
table access, and reduced car dependency, supporting multimodality among available
sustainable transport modes, and giving centrality to mobility hubs. By integrating
diverse transport modes at strategic urban locations, mobility hubs facilitate seamless
intermodal travel and promote shared mobility solutions, fostering more inclusive
and sustainable urban transport systems (Banister 2008). As nodes where phys-
ical integration, intelligent technologies, and data-driven systems converge, mobility
hubs enable users to switch efficiently between different mobility options (Graf et al.
2022). Their evolving typologies (Weustenenk and Mingardo 2023; Geurs et al.
2023) have gained prominence in urban mobility policies (Hamburg-Nord 2023;
Minneapolis Metropolitan Council 2021; Portland Bureau of Transportation 2020),
also for supporting a fair and sustainable e-transition, in particular in dense-urbanised
contexts (CoMoUK 2019).

In medium-density settlements characterized by infrastructure corridors and trans-
port interchanges—where the “last mile” issue continues to hinder a shift from private
to public mobility—policy measures should focus on the development of mobility
hubs around suburban railway stations. These hubs would be equipped with dedi-
cated parking facilities and services for electric vehicles, aiming to facilitate modal
transfer from private cars to public transport, as well as the integration between e-
bikes and public transport services. By integrating EV infrastructure into transport
systems, such policies can enhance intermodality, thereby increasing the efficiency
and attractiveness of sustainable mobility options in suburban contexts. In addition,
these e-shared mobility hubs can provide not only multiple transportation options
but also non-transport and public realm components, which are particularly relevant
in peri-urban contexts, fostering multimodality (Fanchao and Gongalo 2020; Graf
et al. 2022).

In low-density areas—where the high intensity of car use can maximize the envi-
ronmental benefits of EV adoption—policy measures should aim at “decarbonizing”
mobility by lowering the barriers to EV uptake. This includes providing financial
support for e-vehicle purchases and deploying fast-charging infrastructure across the
territory. Although monetary incentives are among the most appreciated by potential
buyers, and public investment in charging infrastructure has been found to be more
effective than direct purchase subsidies (Lieven 2015), the actual impact of these
incentives varies significantly depending on spatial conditions, local travel patterns,
regulatory frameworks, and consumer preferences (Hardman 2019).

To ensure that the transition to electric mobility is both sustainable and equi-
table, policies must be sensitive to these socio-spatial contexts to provide multimodal
transport solutions, able to integrate e-vehicles into the broad transport system.
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3 Planning for a Smart Charging Infrastructure

Ensuring a fair transition to electric mobility requires not only policies and incen-
tives focused on the peculiar socio-spatial conditions, but also well-planned charging
infrastructure. Poor infrastructure planning can reduce convenience for users and
slow EV adoption. Therefore, considering socio-spatial characteristics in the plan-
ning and location of charging stations is key to supporting an equitable and effec-
tive shift to electric vehicles. As is known, charging infrastructure is the essen-
tial supporting service that enables the development of electric mobility. In cases
of poorly planned infrastructure, insufficient charging stations often coincide with
reduced convenience for EV users, thereby hindering adoption (Liang et al. 2020).
Therefore, studying the primary spatial localization methodologies for electric
vehicle charging stations (EVCSs) can serve as a valuable tool in promoting a fair
and efficient transition to e-mobility within contemporary urban contexts.

The importance of integrating spatial analysis and infrastructure planning to
ensure equitable access and system efficiency in the transition to electric mobility has
prompted the use of geographic information systems (GIS) methodologies, tradition-
ally applied to the spatial planning of energy systems, to the planning and deployment
of EVCS networks (Ghosh and Musti 2020).

Three main approaches in the literature, characterize the body of research on
electric vehicle charging station (EVCS) site selection.

Demand-focused studies concentrate exclusively on estimating future demand,
typically based on projections of EV adoption, and on sizing charging networks
accordingly. They often adopt a “blank page” approach, planning EVCS networks
from scratch while overlooking the existing charging infrastructure. Examples
include the works of Sadeghi-Barzani etal. (2014), Namdeo et al. (2014), and Pradhan
etal. (2021).

Supply-focused studies describe the structure and characteristics of existing EVCS
networks. They often employ functional data analysis and clustering techniques to
analyze energy demand based on actual charging transactions. Notable examples
include Pallonetto et al. (2020), Lucas et al. (2018), and Straka and Buzna (2019).

Integrated demand and supply studies adopt a more comprehensive perspective,
analysing both demand and supply through GIS-based multi-criteria decision anal-
ysis (MCDA). They incorporate geographic, economic, and urban criteria into the
site selection process. Some studies also consider factors such as charging station
capacity and power (Csiszdr et al., 2020) or local EV registration data (Fei et al.
2021). Representative examples include Erbas et al. (2018), Kaya et al. (2020), and
Kaya et al. (2021).

Looking at the methodological approaches, a wide variety of methods are
employed in the spatial planning of EV charging infrastructure. Geographic overlap
methods, such as the one used in the present study, combine multiple heat maps to
identify optimal locations through spatial intersections. These methods are computa-
tionally efficient and generate outputs that are accessible and easily interpretable by
policymakers. In contrast, simulation-based and optimization algorithms—including
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genetic algorithms and particle swarm optimization—offer more abstract and compu-
tationally intensive solutions. While potentially powerful, these methods rely heavily
on model assumptions and constraints, often resulting in outputs that are less trans-
parent and harder to interpret. For a comprehensive review of EVCS placement
methodologies, see Pagany, Ramirez Camargo et al. (2019). Case studies on EVCS
placement span a global context, illustrating the universal nature of this planning
challenge. The scale of analysis varies widely: some studies address national-level
planning, such as in Ireland and the Netherlands (Pallonetto et al. 2020; Lucas et al.
2018); others focus on multiple urban locations, such as Modena and Florence (De
Gennaro et al., 2014). However, the majority of research is conducted at the city or
sub-city level, including municipal or district-scale planning (e.g., Sadeghi-Barzani
et al. 2014; Rodrigues et al. 2019; Guler and Yomralioglu 2020).

In most of these approaches, a key issue is the discrepancy between administra-
tive boundaries and spatial scale of the analyses. For instance, some county-level
studies—such as Tyne and Wear or parts of Ohio —are in fact smaller in area than
certain city or district-level studies, like Ankara or the Changping district in Beijing
(Maia et al., 2015; Vazifeh et al. 2019).

This research, taking into account the findings from existing literature, proposes
an indicator expressed in International System (SI) units—called Charging Gap Indi-
cator. This approach allows for a simpler comparison between demand and supply
across different areas of the case study, which focuses on the Milan urban region.
Demand is estimated based on electric vehicle consumption, using an empirical
dataset of electric vehicle registrations, while the supply analysis relies on a global
dataset of electric vehicle charging stations, taking into account the power and
capacity of the charging points.

4 The Charging Gap Indicator

4.1 Current State of EV Diffusion and Infrastructure
in the Milan Urban Region

A well-functioning electric vehicle (EV) ecosystem depends on the coordinated
development of both vehicles and charging infrastructure. Historically, this posed
a “chicken-and-egg” dilemma—Ilimited charging stations hindered EV adoption,
while investment in infrastructure was deterred by low EV numbers (Coffman et al.
2017). Cities like Milan have addressed this by promoting EV uptake and expanding
public charging networks in tandem (Ledna et al. 2022).

The Milan Urban Region (MUR), with its dense, polycentric structure and heavy
car dependence, offers a valuable case study for understanding the spatial diffusion
of electric mobility in a car-producing South European country. The MUR spans 970
municipalities across Lombardy, eastern Piedmont, and northern Emilia-Romagna.
The spatial complexity and governance challenges of the MUR offer a nuanced lens
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to investigate how electric mobility can develop equitably in a region still in transition
toward sustainable transport.

Early EV adoption in the Milan Urban Region was concentrated in Milan and
Bergamo, gradually spreading outward, with most municipalities still reporting
fewer than five EVs by 2021. Charging point distribution followed a similar trajec-
tory—initially limited to Milan in 2015, expanding by 2021 but remaining uneven,
particularly in the underserved southern areas.

In Fig. 1, a radial density analysis reveals key spatial disparities. CP density
peaks within Milan’s 0-3 km core—especially in AREA C—but dips sharply in the
surrounding 3—-6 km ring. This clustering creates congestion in central areas while
limiting access in nearby zones.

To evaluate infrastructure adequacy, the EV-to-charging point (EV/CP) ratio offers
a more meaningful metric than absolute charger counts, as it accounts for demand.
In the MUR, this ratio rose from 1:4 in 2015 to 1:16 in 2021, reflecting EV growth
outpacing infrastructure—mirroring trends across the EU (ACEA 2022).

Despite a better EV/CP ratio than the internal combustion engine vehicle-to-
fuel station ratio (1:3000), infrastructure distribution remains problematic. Radial
analysis in Fig. 2, highlights undersupply in the 3—6 km and 24-30 km rings (ratios
of 1:35 and 1:30), while outer polycentric areas perform better. These disparities risk
unequal access, especially for users without home charging options.

However, relying solely on the EV/CP ratio is insufficient, because it overlooks
key factors like home charging availability, user behaviour, and charger power levels
(Metais et al. 2022. To address these limitations, a more comprehensive metric is
proposed: the charging gap. This indicator integrates both supply-side elements (e.g.,
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charging power, spatial distribution) and demand-side behavior (e.g., trip lengths,
usage patterns) to better assess infrastructure adequacy and guide future planning.

4.2 Methodology for Assessing Infrastructure Adequacy

The Public Charging Gap (PCG) is developed to assess the balance between EV
charging demand and supply across municipalities in the Milan Urban Region. It is
calculated as:

PCG = Charging Supply(CS) — Charging Demand(CD)

Charging Demand Definition

Charging demand is defined as the daily energy required (in kWh) to charge all EVs
registered in a municipality. Demand is modeled based on internal, incoming, and
outgoing vehicle flows:

e Internal Flows: EVs live and work/study in the same municipality.
e Qutgoing Flows: EVs live in the municipality but commute elsewhere.
e Incoming Flows: EVs commute into the municipality from outside.

Flow-Based Demand Calculation

Each flow type contributes differently to the demand:
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e Internal Demand is fully attributed to the home municipality.

e Outgoing Demand is shared between home and work municipalities, proportioned
by a day/night charging ratio (R).

e Incoming Demand is similarly split, but the receiving municipality accounts for
(1-R) of the load.

Distances between municipalities are approximated using centroid distances (for
inter-municipal flows) or diagonal estimates (for intra-municipal flows). EV energy
consumption (Wh/km) is adjusted based on average commute speeds using data from
the Nissan Leaf 2012.

Total Municipal Demand Formula
The total charging demand D; for a municipality i is calculated as:
Evyxn;*xd;*xC; + R Zjﬁi] Evixnijx2%d;jxC; + (1 — R) Z]Ail Evjxnji*2%d;i+C;

D, = JFE t JF

f— Ni
Z§=1 N

where Ev; is the number of EVs registered in municipality i (source: Automobile
Club Italia), n;; is the percentage of the total cars that are doing that commute. N; is
the absolute number of vehicles travelling inside municipality i, and N;; represents
the absolute number of vehicles having a commute starting municipality i. d;; is the
average distance travelled inside municipality i. C; is the electric car consumption
(Wh/km), and the driving speed was taken as an influencing variable' according to
the relationship below that was estimated from different driving cycles of the 2012
Nissan Leaf.

The variables with a double index follow a specific convention: the first position
denotes the origin (in this case, home), while the second index signifies the destination
(in this case, work). M is the total number of municipalities, and t represents the time
needed to charge, where T = 1 h represents a worst-case high-demand scenario.

nii

Public Charging Demand Estimation

Public charging demand (PDi) accounts for the portion of total demand served by
publicly accessible infrastructure. This share varies with population density, ranging
from 5% (least dense) to 20% (most dense municipalities like Milan). It is normalized
by area to yield public charging demand density (NPDi, in kW/km?).

Public Charging Supply Estimation

Charging supply (CS) is the total available power for EV charging in an area and is
calculated as:

1 Given the reduced scale of the territory under consideration, ambient conditions such as
temperature, precipitation, wind, and others were presumed to remain constant throughout.
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_ (Number of Stations x Number of Plugs x Power per Plug)
B Municipal Area(kmz)

CS

Plug counts vary significantly: most stations in the MUR have 1-2 plugs, with
an average of 2.2. Power capacities range from 3—150 kW and the average power is
40 kW. In 2020, MUR had 1108 plugs and the total capacity was 73 MW.

The charging gap was calculated using the balanced day/night demand scenario.
Areas with negative values (more demand than supply) were marked in red; positive
values (more supply than demand) in green; and balanced areas in brown (Fig. 3).

Overall, in terms of the charging gap, Milan and Bergamo, demonstrate adequate
supply despite high demand. In contrast, the Southern regions exhibit widespread
negative gaps, with limited or no nearby charging alternatives underscoring the urgent
need for infrastructure development. Some municipalities showing high positive gaps
likely reflect future-proofing efforts. These results should be interpreted with caution
due to several limitations in the model. The analysis relies on mobility data from 2011,
additionally, the model assumes simplified such as EVs only charging either at home
or work and applies uniform energy consumption per municipality.

If the current framework offers a solid foundation for planning future charging
infrastructure, with the expected rise in EV adoption, these patterns are likely to
shift, and scenario-based approaches will be essential, as will be displayed in the
next section.
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5 Findings and Scenario-Based Insights

This section evaluates four key future scenarios by comparing projected 2030 demand
with 2020 infrastructure levels. It estimates the resulting charging infrastructure
deficit and the investment required to close this gap. Two projections for EV adoption
are considered: one based on data from the PNIEC (Piano Nazionale Integrato per
I’Energia e il Clima) and MOTUS-E (the Italian association for electric mobility),
and another derived by adapting the Dutch EV adoption rate to the Italian context.

In the Business-as-Usual (BaU) Scenario, charging infrastructure evolves based
on profitability, and government EV incentives are applied uniformly across the
region. Unsurprisingly, this leads to an increase in infrastructure disparities. Milan
becomes the most critical municipality. The North MUR area is particularly strained,
while the South suffers from large stretches of uncovered areas, restricting access
within a wider driving radius. To meet the projected 2030 demand, a 150% increase
in public chargers is needed. This expansion raises concerns due to the dense urban
fabric of Milan, where clustering chargers may strain both space and the power grid.

In the Eco-Driven (EcD) Scenario, EV incentives are tied to settlement density,
encouraging more strategic and equitable adoption, supporting the creation of e-
mobility hubs. While Milan remains critical, its charging gap receives a40% improve-
ment over BaU. The northern critical zones are also less severe. This scenario requires
a 125% infrastructure increase. Although this involves a lower investment, it also
assumes a smaller EV fleet, trading off total electrification for improved spatial equity.

In the Demand-Driven (DD) Scenario, municipalities guarantee charger place-
ment upon driver request, reducing infrastructure barriers. The result: a 50% larger
EV fleet than BaU, leading to wider infrastructure pressure—a 5% increase in overall
negative gap area. Milan is again the most critical. To meet demand, a 175% increase
is needed. While this implies higher absolute investment, it responds to real demand
patterns more inclusively.

A hybrid of EcD and DD, the Accelerated Eco (AcE) Scenario, merges targeted
incentives and infrastructure assurance. the North MUR, especially Milan and
Brianza, remains a hotspot. However, Bergamo and TEEM/A7-AS corridor munici-
palities show resilience with positive charging gaps. To close the gap, a 150% infras-
tructure expansion is required. This scenario balances the trade-offs of electrification
intensity and spatial equity.

This comparative and spatially grounded scenario analysis reveals key tensions
between EV growth, charging accessibility, and infrastructure investment. It under-
lines that EV quantity, more than distribution, drives infrastructure pressure. Milan
requires special attention due to its grid and spatial constraints; settlement-based
incentives can lower costs and improve system resilience, also organising the supply
in well-equipped mobility hubs. In this way, careful planning is needed to avoid rein-
forcing private car dependence, particularly in well-connected urban cores, where
intermodality must play a pivotal role in supporting shared e-mobility solutions.
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6 Conclusion. Towards a Sustainable and Inclusive
E-Mobility Future

While electric vehicles (EVs) powered by renewable energy can reduce emissions
and support sustainability goals, they are a costly solution and offer limited bene-
fits within the current car-dependent systems. Specifically, EVs do not address key
externalities such as traffic congestion and road accidents. In contrast, public trans-
port and active modes like walking and cycling remain the most sustainable options.
They typically entail lower infrastructure costs and deliver broader social and envi-
ronmental benefits. Therefore, shifting focus from private vehicle electrification to
electrifying public transport and shared transport options is essential for a more
effective and equitable transport transition.

In this framework, the planning of mobility hubs capable of supporting inter-
modality plays a relevant role both in densely urbanized contexts and in peri-urban
areas, where last-mile issues affect mobility practices.

The proposed Charging Gap Indicator, while not accounting for the broader nega-
tive externalities of electric vehicles, serves as a useful tool for comparing the supply
and demand of EV charging infrastructure and addressing mobility policy through
an effective distribution able to support intermodality. By employing standardized
SI units, it enables consistent, like-for-like comparisons across different geographic
regions. The municipal boundaries of Milan were initially identified as having a posi-
tive charging gap; however, this condition was reversed in the projected scenarios as
the municipality was the most critical across all scenarios.

The eco-driven scenario illustrates that directing EV incentives toward lower-
density settlements can improve policy effectiveness. This approach primarily targets
high-mileage vehicles while reducing the overall incentive budget, as these areas
are less populated and therefore require fewer subsidies. Additionally, in these
settlements, public—private partnerships in charging infrastructure can enhance the
attractiveness of otherwise less profitable locations for private operators.

In dense urban areas, electric vehicles (EVs) should be implemented primarily
as part of shared mobility services in multimodal mobility hubs. This approach can
reduce parking demand, enhance integration with public transport, (e)shared mobility
options and alleviate the burden of charging infrastructure on individual users.

In the case of Italy, national policies on electric mobility require reform to better
support a sustainable transition. Notably, EV incentive schemes should be revised
to prioritize battery electric vehicles (BEVs) over plug-in hybrid electric vehicles
(PHEVs), which offer more limited environmental benefits. Additionally, investment
in digital infrastructure is essential to align public charging availability with actual
mobility patterns. A strategic approach to charging deployment should be adopted—
promoting fast charging during the day in high-inflow areas (e.g., employment and
commercial centers) and supporting overnight charging infrastructure in residential,
outward-commuting zones. In addition, rethinking the diffusion of electric vehicles
through shared and integrated modes underscores the centrality of combining the
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e-charging locations strategies with the design of mobility hubs where intermodality
can ensure that EV rollout is equitable, efficient, and environmentally effective.
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Luca Pirolo and Paolo Pileri

Abstract This chapter analyses the integration between slow tourism and electric
cycling, placing it within the broader debate on sustainable tourism and the reduction
of environmental impacts linked to tourist mobility. In the face of the climate crisis
and the critical issues of mass tourism, slow tourism is emerging as an alternative
paradigm, based on low-emission travel practices, the improvement of local contexts,
and a more conscious experience of the territories. In this context, cycling tourism is
one of the most significant expressions of slow tourism, with significant economic and
social benefits, particularly in rural and marginal areas. In recent years, the spread
of electric bicycles has deeply changed the sector, expanding the user base and
redefining how people access territories. The chapter addresses this process through
the conceptual lenses of inclusion and empowerment, distinguishing between the
ability to engage a plurality of users and that of making traditionally difficult-to-
reach territories accessible. It highlights both the inclusive potential of e-bikes in
cycling tourism and the emerging critical issues related to access costs, environmental
impacts, safety, and infrastructure dependence. It is therefore argued that electric
cycling tourism can contribute to the objectives of slow tourism only if it is part of a
conscious planning and policy vision capable of combining technological innovation,
social equity, and protection of the local areas.

1 Integrating Slow Tourism and E-Mobility

The tourism sector is currently facing an urgent challenge linked to the climate
crisis, which requires a deep reflection on development models and mobility practices
associated with travel (Peeters et al. 2024; Kajan and Saarinen 2013; Burns and
Bibbings 2009; Scott 2011). Growing environmental and ecological concerns are
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closely linked to rising carbon emissions, one of the main causes of global warming.
Although these emissions come from various economic sectors, tourism is one of
the most significant contributors, particularly due to the spread of traditional mass
tourism and energy-intensive mobility patterns (Ceron and Dubois 2003; Gossling
2002; Simpson et al. 2008; Sun et al. 2024). In this context, the promotion of low-
emission practices is a central issue for the future of sustainable tourism (Gossling
2000).

One of the emerging responses to these critical issues is slow tourism, a paradigm
that proposes a rethinking of the timing, methods, and purposes of travel, emphasising
the reduction of environmental impacts, the enhancement of local contexts, a more
conscious experience of destinations, and a different experience of perception of
places (Dickinson and Lumsdon 2010; Conway and Timms 2010; Matos 2012; Riga
2025). Slow tourism is often presented as an alternative to mass tourism, capable of
promoting more sustainable forms of mobility and strengthening the bond between
visitors, territories, and local communities (Blanco 2011; Heitmann 2011; Calzati
and De Salvo 2017, Pileri and Moscarelli 2021).

Within this framework, cycling tourism is one of the most significant expres-
sions of slow tourism. It is characterised by the use of bicycles as the main means
of transport and by a mode of travel in which the route takes on a central impor-
tance compared to the final destination. According to a widely accepted definition,
cycling tourism is a leisure cycling activity lasting at least 24 h, involving a minimum
distance of 150 km and at least one overnight stay away from home (Ritchie 1998).
This practice allows travellers to explore different areas, appreciate their natural and
cultural heritage, and support local economies by using local services and products.
In recent years, cycling tourism has been recognised as a rapidly growing sector, with
an increasing number of travellers and a significant economic impact, particularly in
rural and peripheral areas (Ciascai et al. 2022; Cecere et al. 2021; Han et al. 2017a;
Petroman et al. 2021). Recognized as a rapidly expanding sector, cycling tourism
attracts an increasing number of travelers every year (Ciascai et al. 2022; Cecere
etal. 2021; Han et al. 2017a) and has a significant economic impact (Petroman et al.
2021; ADFC Bicycle Travel Analysis 2023). “Slow travellers” contribute to the local
economy by stimulating the development of infrastructure (e.g. roads, bicycle rental/
repair shops, and accommodation). At the same time, the development of the service
sector (e.g. food shops) [...] offers commercial and employment opportunities (Han
et al. 2017b).

Recently, the cycling tourism sector has undergone further evolution, thanks to
the widespread adoption of pedal-assisted bicycles, commonly referred to as e-bikes.
These bicycles have transitioned from a niche use to a mainstream practice, enlarging
the type of users by age, physical performance, and personal interests. This was
also demonstrated by both global market data and the growth of electric cycling
tourism in various national contexts (Mitterwallner et al. 2021). Looking to the global
electric bicycle market, the sales of electric bikes experienced a 6.2% increase from
2020 to 2025, with forecasts predicting a further growth rate of 3.56% by 2030
(Mordor Intelligence 2020). This transformation potentially expands the user base
and changes the way people access areas, significantly affecting the travel experience.
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The introduction of electric propulsion technologies represents a significant shift in
the way cycling tourism is practised, constituting a real socio-technical transition
rather than a simple incremental improvement (Corti et al. 2024; Baltazar et al.
2022). For many years, mass tourism was largely confined to specific places such
as historic cities, coastal areas, or alpine landscapes. However, the integration of
cycling tourism and electric mobility risks exporting mass tourism to areas where it
has never existed before, particularly in environmentally sensitive regions.

Despite growing academic interest in cycling tourism and electric mobility,
existing literature tends to focus primarily on individual aspects, such as user bene-
fits, the technological performance of e-bikes, or the economic impact of the sector.
However, there are still limited integrated studies on the role of e-bikes in cycling
tourism within the paradigm of slow tourism, systematically analysing their implica-
tions in terms of social inclusion and territorial empowerment, as well as the critical
issues and potential environmental and infrastructural conflicts that arise from them.

Starting from this gap, this paper aims to analyse the role of electric bicycle
mobility in cycling tourism through the conceptual lenses of inclusion and empow-
erment. Inclusion is understood here, in a broad sense, as the ability of tourism
practices to involve a variety of users with different physical, social, and experiential
characteristics. Empowerment, on the other hand, refers to the capacity to enhance
the agency, resilience, and development potential of territories and destinations that
are traditionally difficult to access due to their morphological, infrastructural, or
locational characteristics. Although closely interrelated, these two concepts refer to
distinct analytical dimensions, focusing on users and places, respectively, that are
particularly relevant in the context of slow tourism and cycling tourism.

Section 2 analyses how cycling tourism can be an inclusive practice, further
expanded by the introduction of electric cycling. Section 3 is dedicated to the theme
of territorial empowerment, examining how cycling tourism and e-biking contribute
to making traditionally marginal areas accessible. Finally, Sect. 4 explores the crit-
ical issues and controversies associated with the integration of cycling tourism and
electric cycling.

2 Slow Tourism as an Inclusive Practice

To focus on the concept of slow tourism as an inclusive practice, it is necessary to
take a step back and fully grasp the core meaning of slowness. Slowness should
not be interpreted as a mere stylistic or promotional device, but rather as a rela-
tional and cognitive approach to travelling. It represents a lens through which places
are not simply crossed or consumed, but read, interpreted, and gradually under-
stood. In Italian, the word “lente” (lens) is embedded in the term “lentezza” (slow-
ness), suggesting a semantic and conceptual link between observation and tempo-
rality (Pileri 2020). Through slowness, otherwise overlooked details become visible,
allowing travellers to engage with the material, historical, and narrative dimensions of
the territories they cross, without the burden of a didactic or prescriptive experience
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(Christin 2019). Slowness thus enables a form of learning that is light, experien-
tial, and embodied, rather than instructional. This approach encourages a gradual
discovery of places, made possible by long presence, attentiveness to the surround-
ings, and openness to encounter. Travelling slowly means moving through territories
without indifference: not passing through to consume, but to absorb. In this sense,
slow tourism fosters an immersive and inclusive relationship with places, valuing
landscapes, everyday practices, and human interactions as integral components of
the travel experience. From this perspective, slowness is not an end in itself, nor a
marketing-driven promise of “immersion”, but a design principle for tourism prac-
tices and infrastructures aimed at enabling meaningful access to places and expe-
riences. As such, slowness can be understood as a potentially inclusive practice,
accessible to a wide range of users and capable of reducing experiential inequalities,
in contrast to the selective and exclusionary logic often associated with speed.

In the context of contemporary transport systems, access to speed is closely linked
to economic availability: as speed increases, so do costs, as is the case with transport,
data transmission, or access to leisure services. Speed, therefore, takes on a more
selective and exclusive character, while slowness is, at least in part, more accessible.
Cycling tourism also requires an initial investment, but this is generally modest and
cannot be compared to the costs of accessing faster forms of mobility. This does not
imply a demonisation of speed, whose technological and social benefits are widely
recognised, but rather a claim to the right to choose slow mobility practices that are
accessible to a large section of the population. Differentiated access to speed is a
factor of social division, which tends to segment society on the basis of income. On
the contrary, slowness can be practised by a wider range of people, including men and
women, the elderly, families, and, potentially, people with permanent or temporary
disabilities, provided that routes are designed according to criteria of inclusiveness.
In particular, for cycling routes to be accessible to a variety of cycling modes, such
as handbikes, tricycles, tandems, or bicycle rickshaws, the road surface must be
smooth and uniform, and the slopes must be moderate. Cycling tourism does not
rely on specialised technical skills or competitive training, as it is primarily oriented
towards leisure and experience; when supported by appropriate infrastructure, it can
be accessible to a wider range of users than is commonly perceived.

In addition to the individual dimension of the tourist experience, the link between
cycling tourism and inclusion can also be seen on a regional and community level. A
cycling tourism project, if conceived as an integrated system of services, can in fact
have a high potential for inclusion. To ensure the sustainability of the cycling tourism
ecosystem, understood as its ability to be supported and recognised by the commu-
nities it passes through, a wide range of services is required: hospitality, and linked
services such as museums, guides, theatres, ecological experiences, maintenance of
the territory and infrastructure, technical assistance for bicycles, as well as the promo-
tion of local products. These activities can be designed with the active involvement of
the local population, including those who experience temporary or structural forms
of social exclusion. In this sense, cycling tourism can help to generate opportunities
for economic and social participation for groups that are often marginalised in the
labour market, such as former prisoners or people with disabilities. If designed with a
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clear focus on social inclusion, cycling tourism projects can serve not only as leisure
infrastructure, but also as a means of promoting territorial cohesion, particularly when
they support stable and meaningful employment opportunities and foster balanced,
respectful relationships between tourists and residents. However, such outcomes are
not automatic and depend on deliberate and context-sensitive planning choices.

When reflecting on slow tourism, slowness is often associated with the concept
of speed limits, in opposition to a society characterised by the myth of acceleration
(Rosa 2015), summarised by the expression “time is money”’. However, slowness can
be interpreted as a liberating practice, with its own specific speed. In his work Energy
and Equity (1974), Ivan Illich identified the threshold of 25 kms per hour as a critical
point beyond which equity decreases and the scarcity of time and space increases,
due to the progressive monopolisation of public space by motorised transport. Speed
thus becomes a new social discriminant, capable of separating those who can afford
to “buy” speed from those who are excluded from it. A similar reflection also emerges
in travel literature. In his account of his journey along the Po River, Ermanno Rea
identifies a speed of around 20 kms per hour as the ideal condition for the tourist
experience, capable of maintaining a balance between the material perception and
symbolic dimension of the landscape (Rea 2017). Both perspectives converge in
identifying 20-25 kms per hour as a threshold within which it is possible to preserve
a sensory and contemplative relationship with the environment being traversed.

At these speeds, movement can only be sustained by the body’s energy. Cycling
tourism is therefore an intrinsically inclusive and energy-free activity. In its traditional
form, it does not require external energy supplies, except for stops for rest or food.
The bicycle is also the most energy-efficient means of transport compared to walking,
under the same external conditions (Illich 1974), and is one of the most equitable
modes of transport in terms of energy consumption and affordability.

The introduction of electric cycling into cycling tourism further changes the
relationship between slowness and inclusion. Thanks to their pedal assistance, e-
bikes help to reduce the physical barriers associated with slopes, distances, and the
morphological conditions of the terrain, thereby expanding the pool of potential users
(Aprigliano et al. 2025; Weinert et al. 2007). This particularly benefits less trained
cyclists, older people, families with children, and occasional users. In this sense, elec-
tric cycling can strengthen the inclusive nature of cycling tourism, allowing people
with different physical abilities to participate in slow tourism experiences. The expan-
sion of the types of users involved in cycling tourism has significant implications for
how territories are crossed and enjoyed, a topic that will be explored in more detail
in the next section. At the same time, the introduction of an external energy source
entails a change in the relationship between user, vehicle, and infrastructure, raising
issues related to equity, energy dependence, and the need for support services.

While traditional cycling tourists are essentially independent of external energy
sources, the use of e-bikes introduces a new form of infrastructural dependency
linked to the availability of energy for recharging and battery disposal. However,
the possibility of using pedal-assisted bicycles even in the absence of electricity,
once the battery is depleted, opens up further thoughts on the meaning of autonomy,
equity, inclusion and road safety within slow tourism. While these issues do not call
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into question the inclusive potential of e-bikes, they highlight the need for broader
reflection on their role in contemporary cycling tourism, which will be developed in
the following sections.

3 Slow Tourism as an Empowering Practice

Cycling tourism is not only an activity open to a wide range of participants, but can
also be understood as a means of restoring dignity to the places it passes through,
by offering development opportunities that are proportionate to their environmental
and social fragility and capable of integrating into local economic cycles without
causing harm. However, such outcomes do not emerge spontaneously: they require
an explicit design intention and a clear commitment from planners, managers, and
governing bodies responsible for these territories over time. To clarify this point,
it is necessary to consider the very meaning of place. We are not referring here to
spaces or simple locations, but to contexts endowed with meaning, relationships, and
memory, which is the sum of stories and history, which over time may have been
reduced to anonymous elements or even non-places.

The increase in speed in contemporary mobility systems has gradually focused
attention on departure and arrival points, relegating what lies in between to a residual
dimension. At best, the journey becomes a functional interval, a necessary pause
solely for the purpose of recovering energy to set off again. If deliberately pursued,
cycling tourism, as a slow practice, allows this paradigm to be reversed: while main-
taining the relevance of the starting and ending points of the journey, it gives central
importance to the territory slowly crossed, transforming it from an indistinct mass
of natural and anthropic landscape into a place to be observed, experienced, and
understood. The meaning of place we want to give corrisponds to the italian word
‘luogo’, coming from the latin ‘locus, loci’, quite different from place as standard-
ized space, like a parking lot. Getting to know an area activates a generative process
that stimulates, we hope, continuous observation, care, and responsibility towards
what one is travelling through. This mechanism is one of the most effective ways
of protecting and enhancing places, promoting their renewed vitality. This perspec-
tive takes on particular significance in areas considered to be most disadvantaged
by contemporary society, such as marginal areas: contexts that are often partially or
totally excluded from public policies and unattractive for new settlements. In these
cases, cycling tourism can be a strategic resource from which to initiate processes of
territorial regeneration, as demonstrated by established experiences along the Danube
in Austria and Germany or along the Camino de Santiago in Spain (Moscarelli 2020).

The image that best represents a long, slow project is that of a collier of pearls.
The territories are dotted with elements of value such as landscape, cultural, and
historical that can be considered individually as precious assets. However, it is their
connection through a coherent cycling tourism project that completes the string,
giving added value to each element. The thread that connects these pearls allows
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fragmented territorial narratives, interrupted over time by processes of abandon-
ment or marginalisation, to be pieced back together. From this perspective, territorial
empowering is not only about the physical possibility of reaching a place, but also
about the ability to build a continuous and non-exclusive relationship between terri-
tories, people, and mobility practices, even if they are far from each other. Cycling
tourism, in fact, not only makes individual points of interest or destinations acces-
sible. While recognising the importance of points of interest, these cannot be the
only pillar guiding the design of cycling routes. On the contrary, the focus shifts to
the lines that generate slow movements and how these lines are experienced by those
who travel along them.

Designing cycling tourism infrastructure, therefore, does not simply mean
responding to users’ preferences or expectations along a route. Rather, it requires
critically questioning how those who travel through a territory can be guided to
move beyond a purely functional or self-referential use of space, and to become
attentive to the environmental, social, and cultural qualities of the places they cross.
The project itself plays a central role in shaping this form of awareness, intention-
ally fostering the ability to perceive, interpret, and value the landscapes encoun-
tered along the way. This perspective finds historical confirmation in routes such as
the Via Francigena, where it was not pre-existing urban centres that generated the
route, but rather the continuous movement of pilgrims and merchants that, over time,
contributed to the emergence of cities and nodes of exchange. Places such as Siena,
Pavia, and Piacenza became important medieval centres of commercial and cultural
life precisely because they were embedded within a network of slow and repeated
passages. The linear dimension of cycling tourism, when deliberately designed with
this educational intent, also enables a more balanced distribution of tourist flows.
Cycling routes can act as spatial devices that allow gradual and progressive access
to the territories (not the big cities) they cross, counteracting the concentration of
visitors in a limited number of destinations and encouraging a wider redistribution
of economic and social benefits. In this way, major urban centres and marginal areas
can be connected within a single territorial system, contributing to more equitable
forms of tourism development.

From this perspective, territorial empowerment through cycling tourism can be
understood as the capacity to enhance the agency, resilience, and development
potential of areas that are traditionally difficult to access due to morphological,
infrastructural, or locational constraints. Well-designed cycling infrastructure does
not automatically achieve these outcomes, but can create the conditions for local
communities and territories to participate in tourism and development processes,
fostering visibility, engagement, and new synergies. This approach differs funda-
mentally from tourism models based on attractiveness, which concentrate flows in
a limited number of destinations. Such models, focused on intensive consumption,
often generate marginalisation and social tensions, as evidenced by the tourist over-
crowding observed in many Italian cities in recent years. Conceiving cycling tourism
as a vector of territorial accessibility implies the strategic enhancement of marginal
areas: territories distant from major service centres and characterised by limited
access to education, healthcare, and institutional services, as well as by depopulation
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and youth outmigration. When integrated into deliberate planning and governance
strategies, cycling tourism can contribute to mitigating, and in some cases coun-
teracting, these dynamics of abandonment, activating local development potentials
without overburdening the fragile context.

Within this framework, the rise of electric bicycle mobility is helping to redefine
the conditions of territorial accessibility. E-bikes reduce the discontinuities associated
with slopes, distances, and complex morphological characteristics, making areas that
would otherwise be difficult to reach, such as hilltop villages, more accessible. In
areas crossed by cycling paths, many of the most inaccessible places often coincide
with the most marginal ones; the use of e-bikes can therefore help to narrow the
gap between easily accessible areas and those traditionally excluded from cycling
tourism flows. As discussed in the previous section, electric cycling mobility also
broadens the audience of users potentially involved in cycling tourism. Areas that
become more accessible thanks to e-bikes can benefit from this increase in flows, with
positive repercussions on local economies. In particular, considering that a significant
proportion of new users are elderly people, who tend to travel outside peak tourist
periods, electric cycling tourism can contribute to greater stability in flows over time
and to the continued sustenance of local economies.

In this context, cycling tourism and electric cycling mobility emerge as potentially
effective tools for expanding territorial empowerment and reducing certain forms
of spatial marginalisation. However, extending access to new territories and new
types of users is not a neutral process, nor is it without consequences. Increased
empowerment raises important questions in terms of environmental, infrastructural,
and social impacts, which require critical reflection on how to integrate and plan
electric cycling into cycling tourism contexts.

4 Is E-Slow Tourism Really Empowering and Inclusive?

In the previous sections, we discussed the concepts of inclusivity and empower-
ment in cycling tourism, extending to the use of electric bicycles. We explored how
the introduction of electric cycling changes user engagement and the relationship
between travellers and their means of transport, particularly through the introduction
of external energy dependence. In addition, we analysed the potential contribution of
e-bikes in making areas that are difficult to reach by traditional cycling tourism more
empowered. Within this framework, the critical issues related to the integration of
cycling tourism and electric cycling have so far only been mentioned in a preliminary
way. The aim of this concluding section is therefore to explain and explore the main
tensions and controversies that this emerging practice brings with it, highlighting
how increased empowerment is neither a neutral nor consequence-free process.

It has been highlighted how electric cycling can significantly expand the pool of
users potentially involved in cycling tourism. However, this inclusive potential is
compared with a structural trend in the sector: the cost gap between electric bicycles
and traditional muscle-powered bicycles. This economic difference tends to exclude
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large sections of the population who do not have the resources to sustain a high
initial investment (McCurdy et al. 2024), conflicting with the spirit of inclusiveness
discussed in Sect. 2. As an alternative to purchasing, many users choose to access
electric cycling tourism through rental services, but this makes them dependent on
the availability and organisation of such services. While this dynamic may represent
an opportunity for the local economy of the areas crossed, it also introduces a form
of dependency that limits the autonomy of the cycling tourist, affecting the travel
experience and freedom of choice of means of transport.

Another issue linked to the expansion of the user base concerns the quality and type
of cycling experience that users have during cycling tourism activities. In the case of
traditional bicycles, reaching a destination is closely linked to the cyclist’s level of
training and physical abilities. As aresult, routes located in hilly or mountainous areas
are selective and not accessible to everyone. With the introduction of electric cycling,
this relationship between physical ability and experience is gradually diminishing,
and in some cases disappearing altogether. A study (Mitterwallner et al. 2021) has
shown that changing the type of vehicle used can lead to a change in behaviour related
to cycling tourism, encouraging people to overestimate their physical abilities and
reducing their awareness of risk, even among less fit sections of the population. The
impact of electric cycling on the cycling tourism sector could therefore translate into
an increase in the potential for accidents, with consequent negative repercussions
not only on individuals but on the entire community in terms of safety, emergency
management, and public responsibility.

A further consequence of the expansion of the user base and reduced risk aware-
ness concerns the environment and ecological consciousness. In particular, Mitter-
wallner et al. (2021) emphasises that as cyclists push themselves to go “faster,
higher, further”, the risks to flora and fauna increase. This observation directly echoes
the reflections of Alex Langer, who proposed the principle of “lentius, profundius,
suavius” as an alternative to our fast-paced society, arguing that without a reduction
in pace, a real ecological conversion would be neither possible nor desirable (Langer
2015). The relationship between increased speed, intensified use, and environmental
degradation is therefore clear, making it necessary to critically reflect on the use of
electric cycling in cycling tourism. In this sense, it may be appropriate to limit or
regulate access to sensitive areas or fragile natural environments, considering that
electric bicycles, which are heavier and potentially more impactful, can contribute
to increased erosion of trails and disturbance of wildlife. Some initiatives in this
direction have already been launched in Europe. In Norway, for example, a law has
been proposed to ban the use of electric bicycles in natural settings because they
‘could lead to increased conflict with nature and outdoor life’ and ‘increase wear
and tear on trails and the natural environment’ (Ministery of Climate and Envi-
ronment of Norway 2019). Similarly, in 2019, the German Alpine Club (Deutscher
Alpenverein 2019) approved guidelines for the use of e-mountain bikes in moun-
tain environments, to raise awareness of the relationship between technology, user
behaviour, and ecosystem protection. However, reflection on these issues is still at
an early stage and requires further study in terms of both research and regulatory
measures.
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Finally, another critical issue concerns territorial accessibility linked to the need
for energy infrastructure. The spread of electric bicycles inevitably involves the
planning of a network of charging infrastructure, which directly affects the usability
of territories. To fill this gap in the literature, recent studies conducted by the authors
(Pirolo et al. 2024; Pirolo and Moscarelli 2025) have proposed models for integrating
slow tourism and electric cycling mobility into regional public policies. In these
studies, recharging is conceived not as a simple technical break, but as an opportunity
to discover the surrounding area, its cultural resources, and its natural beauty. This
results in a strong responsibility for legislators, both in terms of the location of
charging infrastructure and the definition of criteria for the allocation of public funds
for such interventions. These choices have a direct impact on the very concept of
territorial accessibility, determining which places are made effectively accessible and
which remain marginalized. Only through public policies planned on a broad and
consistent territorial scale is it possible to have a significant impact on increasing the
accessibility of territories, including the most marginal ones.

In conclusion, the integration of electric cycling into cycling tourism shows signif-
icant potential in terms of inclusiveness and territorial empowerment, but at the same
time, introduces new tensions that cannot be ignored. The critical issues that have
emerged, related to access costs, user behaviour, environmental impacts, and infras-
tructure planning, highlight how technological innovation, if not accompanied by
a conscious design and political vision, risks reproducing forms of exclusion and
consumption of territories already observed in other tourism models. The issue is
therefore not whether electric cycling tourism is empowering and inclusive in itself,
but understanding under what conditions it can be so. Only through an integrated
approach, combining design, regulation, and a culture of slowness, can electric
cycling mobility contribute consistently to the objectives of slow tourism and the
balanced development of territories.
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Sketches of a Change: Landscape )
as Infrastructure and Mobility as a Deal e
(MaaD) to Draw New Scenarios

for Unexpressed Areas

Sergio Fortini and Elisa Uccellatori

Abstract The text addresses two different visions for an integrated scenario: Land-
scape Metropolis places sustainable intermodality as a premise for regeneration;
Mobility as a Deal strengthens the social value of mobility and accessibility to
unexpressed territories. Their combined action can build a system able to solve
environmental, social and economic emergencies.

1 Mobility: A Human Role

In defining the principles and rules of governance of communities, planning often
interprets the issue of mobility as a tool aimed at improving the conditions for
economic and social development, simplifying and reducing, in fact, a primary need
of the human being to an essential corollary of a productive system.

Bringing the subject back to a non-derogable faculty of human life, a decisive
premise of knowledge and contamination and the directional helm of hopes, desires,
fears and expectations means laying the foundations for a reversal of relations, to
arrive at deciphering mobility as the backbone discipline of the territorial organization
system (of soils and waters), to guide its habitability, use or abandonment.

From this perspective, the role of mobility becomes decisive for rethinking the
presence of people in the territories, in contrast with the postulate that would now
identify cities and large agglomerations as the future settlement. In general, vast areas
of Europe and, in particular, Italy with its orographic conformation and settlement
history can demonstrate how, in a historical period strongly marked by the need to
regenerate rather than expand, those components capable of constituting an effective
and widespread system of intermodal mobility—and reactivating physical, social,
cultural and, therefore, economic networks—are present in the plots of the landscape.
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1.1 The Need to Build a Vision

Italy seems to have abdicated for several years the effectiveness of serious program-
ming in the area of mobility (sustainable or otherwise), instead favouring choices in
line with the political atmosphere of the moment and with easy consensus; within the
political apparatus and, in several cases, of the working groups that develop the rules
of regional urban plans, infrastructures are often infrastructures often come to the
fore in times of crisis, almost exclusively to regenerate the muscle tone of economic
activity (Spirito 2023).

Building a strategic vision therefore means trying to demonstrate that another
paradigm is possible, especially in a historical period strongly marked by envi-
ronmental urgency, which complements the economic one and, in many cases, the
social one, already underway. The strategic vision of Landscape Metropolis (Fortini
2018) starts precisely from the need to tune these three urgencies within an organic
reasoning, hypothesizing how, within the Italian territory, anthropic situations read-
able within landscape —as habitat of peculiar and rich voids of potential—can be
identified rather than the ones spotted in urban agglomerations, more or less exten-
sive, conceived as systems of “full” buildings, divided into active or abandoned
ones.

Precisely in the face of an overall reasoning, underway for a couple of decades,
which claims to address these urgencies under the key-word of “regeneration”, it
seems appropriate to build a territorial policy capable of organizing the premises for
a real, non-rhetorical, regeneration, able to restore dignity to the landscape heritage
that distinguishes Italy (an approach that can generally be extended to all Euro-
pean territories) by focusing on the potential livelihood of defined “fragile” areas
in the urban planning debate—but for which the adjective “unexpressed” (Fortini
2025) is suggested—with the intention of making explicit their potential value, often
historically demonstrable, then evaporated in the dynamics of contemporaneity.

Landscape Metropolis aims to cancel the city-country dichotomy, trying to
design the principles of a restart that begins from landscape—be it urbanized or
widespread—as a matrix of human presence and wit and as the best reticular infras-
tructure capable of connecting different territories in the logic of a democracy of
accessibility.

1.2 Landscape Metropolis

Landscape Metropolis is a territorial policy based on the fundamental premise of
using and enhancing landscape as an infrastructure. Landscape Metropolis involves a
system of spaces of huge territorial extension within which the entropized dimension
is abundantly exceeded by landscape.

The rediscovery of a capillary network of paths ensures a real sustainable
mobility infrastructure, to be used by bike, boat, train, electric bus. Such a system
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becomes itself the basic prerequisite for a recovery of territories: healthy environ-
ment, social and economic repartition and recovery of meaning. The vision of Land-
scape Metropolis overcomes the dichotomy city/non-city, replacing the concept of
resilience with that of anti- fragility, considering urban and territorial policies as
complex systems instead of ‘compact systems’.

1.2.1 A Shift of Paradigm for Unexpressed Areas

Starting from the awareness of a cultural paradigm shift, Landscape Metropolis
proposes a strategic vision for “unexpressed area”, starting from the example of
the Province of Ferrara as a work in progress. Enhancing landscape as a useful
infrastructure leads to a complex yet promising system of effects, which can be
summarised in:

e starting a circular economy process by developing the system of resources
endogenous to the territory
e strategically developing a process of significant and steady reduction in CO,
emissions by 2030
providing cultural changes for a healthy way of life
contributing to protection of biodiversity
promoting landscape and cultural heritage and generating “futurible capital”!
(Fortini 2018)
nurturing sense of belonging of communities and process of repopulation
linking financing for environmental security to financing for infrastructure, with
important savings for interventions (no longer episodic and activated ex-post ones)
e generating economies of scale for repairing infrastructure, urban and territo-
rial regeneration, new working dynamics in agriculture, water regimentation,
manufacture of new generation.

To organically set up a renewal of unexpressed (better than fragile) communities
starting from the valorization of landscape as an infrastructure means to lay the
foundations for a dynamic civil economy.

1.3 Gradient of Magnetism for a Regeneration

“Unexpressed places”, expression coined in place of fragile areas with the aim of
bringing out the present but dormant qualities of those places, retains at the same time

! By “futuristic capital” we mean work (conceptual and physical) aimed not only at the protection
and valorisation of capital existing, but rather aimed at building the conditions for new capital (of
ideas, places, goods and products).
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that thrust and those hibernated resources that, if put in place, would offer oppor-
tunities for contextual development between single wallets and growth of common
good.

Landscape is not only a good to protect, but a physical, social and cultural glue
acting as a healthy infrastructure for daily (quality of) life. Transition thinking can
therefore be expressed through a territorial narration that overcomes the classical idea
of a compact city and eludes the contemporary problems of a diffused city: a “soft
polycentrism” is possible; a territorial system in which landscape as an infrastructure
becomes physical and social bond between urban and rural. These premises generate
a different approach to a management model for the new mobility system.

The infrastructural continuity that landscape can guarantee becomes a condition
for the realisation of a new form of urbanity, through a process of reuse of spaces and
rehabilitation of dynamics of social cohesion necessary for the renewal of places:
not a landscape that is urbanized but an urbanity that is “landscaped”. The transport
nodes between different modes of transport are intended to form the hubs of the
whole system; some are already existing; others are, at the moment, systems of
spaces with latent potentialities and already predisposed for re-making sense inside
the total infrastructural net. Conditions are set for a strategy on the properties to be
regenerated: a “gradient of magnetism” of regeneration identifies in the hubs the new
polarities, capable of attracting public and private capital.

Environment becomes the engine of development, with endogenous resources to
the territories, in which dynamics of economic renewal are integrated with care of
environment and places and with health of people. Inside this eco-system, we are not
dealing with ‘simple customers’, but with active passengers in need of a deal with
territories.

2 From Service to Deal

It is precisely this social component that indicates the paradigm shift, which can
influence and set a new target in mobility policies, integrating the distinctive char-
acteristics of MaaS with the social and environmental logic of the unexpressed
territories.

While the Maas model regards the provision of an end-to-end customer experi-
ence that delivers multimodal transport choices through a seamless and integrated
planning, payment and ticketing interface (IET the Institute of Engineering and Tech-
nology 2024), mostly starting from the consideration of optimizing times and costs of
travel within a metropolitan context, Landscape Metropolis requires a model in which
the territory (and not only the city) is the playing frame of the intermodal network.
Landscape networks, not road networks, are at the centre of the system. This fact
implies that the relationship between infrastructure and user does not remain inside
a dynamic of simple ‘service’ (such as health service) but it opens to an emotional
reaction, to a sense of belonging and, why not, a pleasure (and therefore quality of
life) on the journey.
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This set of characteristics leads to a redefinition of the role of sustainable inter-
modal mobility: no longer a simple service to be provided, but a pact that citizen
(whether indigenous or tourist) tightens with territory; a pact designed to transform
the approach to use mobility and, therefore, to transform the impact of the system in
ecological, environmental, social and economic terms.

The deal can be strengthened and enriched by the interfaces and devices envisaged
by the MaaS model, suggesting a technological approach aimed at the social value
of recovering areas in the landscape (towns, villages) and not just larger human
settlements as cities and metropolises.

2.1 Mobility as a Deal (MaaD)

Mobility as a Deal (MaaD) is a key-expression to describe the new management
behaviour under development inside Landscape Metropolis: the mobility system
must become a pact between the communities and the local authorities.

The term “deal” assumes different declinations of meaning, able to explain the
scope of the contents of this transformation and new scenarios of the social and
cultural paradigm shift. Blue infrastructures and green ones collaborate in building
a widespread intermodal system, capable of providing for the travel needs of people
(and goods), at the same time allowing the components of which the landscape
is built to provide for non-negotiable needs to combat changes climatic conditions:
evaporation, transpiration, drainage, infiltration, temporary storage, run-off discharge
for the blue ones; air and water purification, temperature management, flood water
management and coastal defense for the green ones.

Finding value in landscape as best infrastructure also means acting on people and
on behavioural change to reduce negative consequences of climate change impacts.
In this conceptual scenario, the deal that mobility establishes with communities takes
on a multiple social importance, in response to the need to tune the urgencies that
contemporaneity places before us:

e deal as an agreement: between communities and governing forces to make “collab-
orative transport” and cooperation between territories, to empower social cohesion
and economic opportunities;

e deal as an alliance: between mobility and environment, played on the frame of
landscape;

e deal as a bargain: on the part of the user, who will be increasingly saving on
transport costs; on the part of the provider of the service, who can save money
in relation to accident rates, quality of air, quality of urban space, quality of
landscape;

e deal as a distribution: of symmetrical and democratic potential of accessibility,
for accessibility to places must have a democratic diffusion throughout the whole
territories, contributing to rebirth of unexpressed areas;
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e deal as a policy: brought on by the local governments in terms of choice, reducing
the role of private car and linking the costs related to environmental protection to
those related to the implementation of soft infrastructure;

e deal as a progress: in relation to accessibility, social cohesion quality of life and
sense of belonging of communities.

3 Political Landscape

We resume the reasoning restarting from landscape: the substratum that welcomes
time and space in the succession of human life, capable of dictating the rhythm
of living, traveling, stopping, as well as at the same time constituting the historical
deposit of traces of human industriousness, of the attempt of communities to manage
the environment and bring it back to a “friendly”, livable infrastructure.

As Farinelli writes, “the landscape remains, not only in the West, the form of
humanity’s original cognitive pact with the Earth, beyond the different degree of
consciousness of individual cultures at different historical moments” (Farinelli 2024).
The landscape absorbs within itself a political aspect that is as timeless as it is
changeable, translating itself as a continuous theater of the interaction between man
and the environment. The role of physical, social and cultural infrastructure identifies
the landscape as that organic device capable of offering a system of evolving solutions
to the triad of urgencies (environmental, social, economic) that distinguishes this
historical moment.

3.1 Deal as Completion of Service

If moving remains an essential requirement even in the virtual era, since it is linked
to the expectations and desires of human beings to find places, work, friendships,
relationships, then electronic space becomes a tool of use for the unavoidable physical
space, ally and gregarious of the latter in the search for meaning of people and
communities.

The paradigm shift therefore does not lie in the much-anticipated death of land-
scape as in the capacity of the latter to rework and reinvent itself, through (and
sometimes despite) human action to collectively redesign the abilities to face urgen-
cies and the possibilities of satisfying new expectations: “Together with the idea of
landscape, past generations have also transmitted to us the awareness of change, the
possibility indeed necessity of its government, of its management as a function of the
future of humanity as a whole: there was not a moment in the political history of the
concept of landscape when such objectives did not loom on the horizon” (Farinelli
2024).

Within a Landscape Metropolis, the trajectories of land and water paths integrate
with those of asphalt and iron and trace anthropogenic routes that belong to landscape
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at least as much as woodlands and wetlands. Within this territorial policy, centered on
the principle of landscape as the best infrastructure, the MaaD model takes shape as a
social evolution and integration of the MaaS model: the six declinations of the concept
of “deal” (agreement, alliance, bargain, distribution, policy, progress) constitute, in
fact, the physical and social fabric to test the evolution of the priority characters of
MaasS (digital transport, connectivity and data technologies) transport optimization.
Far from presenting itself as an alternative, the logic of MaaD allows us to grasp the
more communitarian and democratic characteristics of Maas$, giving a model that
is still beardless in many ways an organic direction in responding to environmental
emergencies as well as social inequalities. Even if the starting concept was developed
more than ten years ago, MaasS is still going through a period of adolescence, in which
pilot projects follow one another as well as some successful intuitions (such as those
mentioned above); but it seems to be a strong need for collaboration between public
and private sector organizations to remove barriers and bring the expected benefits.
Especially considering MaaS something more than an icy system of systems, but the
provision of services involving real people.

Within the MaaS universe and in recent years, various solutions characterized by
a strong social imprint are following one another, especially in European countries:
from the case of Conduent Seamless Transportation System (a convenient mobility
service via smartphone, which offers travel services tailor-made influenced by pref-
erences) to that of Whim (an application that allows subscribers to have freedom of
mobility without owning a personal car), from the case of Shotl (an app-based plat-
form for shared and flexible on-demand transport that matches passengers heading
in the same direction to a vehicle driven by a professional driver) to that of Padam
(a turnkey Software as a Service solution for bus and city operators to develop opti-
mized on-demand services). Through a policy based on a MaaD approach, similar
possible solutions are technologically implemented to combine efficiency and effi-
ciency with aspects related to accessibility to transport, access to essential facilities,
education and job opportunities, all costs of public transport and shared mobility
services, allowing affordable tickets.

According to the report Public Transport and Shared Mobility drawn up by EGUM
Subgroup:

Accessibility to transport is a pre-condition for a good social cohesion and
economic dynamism of a city”; at the same time, “Distances in many European
suburbs are relatively short compared with other parts of the world. Mixed-used
developments but also a clear densification and concentration of daily functions in
attractive, walkable neighbourhoods around public transport stations and in town-
and village centres have the potential to bundle mobility demand, make public trans-
port cost-effective and increase the usability of shared-mobility options as well as
walking and cycling—even in currently more car-centric suburbs—creating more
liveable, inspiring, productive, and competitive places.

This condition, common to various European territories, undoubtedly and even
more so belongs to the Italian reality, constituted for the great majority of its exten-
sion by a wrinkled orography dotted with towns, villages, small towns, rather than
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metropolises (the conception of the “metropolitan areas” acquires in Italy an admin-
istrative and governing meaning of the territories, much more than a mirror-image
restitution of a densely urbanized reality). The province of Ferrara enhances these
characteristics by presenting itself as a sort of green oasis within the most anthropized
plain in Europe, the Po Valley.

3.2 A Scenario in Progress: Ferrara Idropolitana
(Hydropolitan Ferrara)

Within the approximately 2600 km? of its extension, the anthropized parts cover
a laughable percentage compared to a landscape sprayed by rivers and canals
which presents itself as a large infrastructure, organized over the centuries for the
management of the relationship between land and water.

The territorial policy of Landscape Metropolis therefore takes shape from these
landscape scenarios and orients them towards regeneration—and therefore towards
the repopulation of areas which, if made accessible and reached by services, would
become very attractive as places with a high quality of life—making use of a inno-
vative conceptual development: the MaaD principle, precisely. The most ambitious
project that links the strategic vision of Landscape Metropolis to the conceptual
elaboration of MaaD is developed from Ferrara, the capital city of the province, and
is called Ferrara Idropolitana (Hydropolitan Ferrara), for which a pre-feasibility
study was carried out under the coordination of the transport agency of the Emilia
Romagna region, TPER.

3.2.1 Local Public Treasure

The peculiar orography of the soil and the presence of a waterway for each cardinal
point (Canale Boicelli, Po di Volano, Po di Primaro, Canale di Burana) give the
municipality of Ferrara a decisive infrastructural potential in the dynamics of prox-
imity transport, in home-school and home-work trips and, in general, for all trips that
can characterize the daily life of a city.

For this reason, intermodal Local Public Transport (LPT) has been hypothesized,
within which a network of landing places is integrated with bus transport and the
extended cycle network. Within a UNESCO city-territory like Ferrara, the possibility
of guaranteeing an intermodal system partly based on waterways constitutes sugges-
tive and immediate added value even towards those slow tourism on which urban
policies have been focusing for some time, with significantly growing numbers.

Sustainable mobility in urban areas represents the key to understanding the reduc-
tion of CO; and fine dust emissions, the decongestion of traffic and the reduction
of accidents (with consequent optimization of public spending). It also constitutes
the tool for daily monitoring of the landscape-infrastructure and for its management,
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especially with regards to hydrogeological instability, the protection of green areas,
soil and river areas. Furthermore, in a city rich in history such as Ferrara, poised
between a relatively high average age and a young university population of around
30,000 units, the opportunity to switch part of the traffic to an intermodal land—water
system which, at the moment, in Italy it is not yet present (apart from the Venetian
case which however is based on the land/Mestre-water/Venice dichotomy) would
mean generating territorial marketing and important related activities.

3.3 Accessible Territories

The intermodal structure of mobility is transformed into a pact between managers and
users, according to the declinations of the principles of MaaD, allowing maximum
accessibility between urban center and peri-urban areas and an inverse proportion
between increase of intermodal flows (sustainable) and decrease in the use of private
car.

At the same time, the intermodality of the system and its capillarity imply an
integrated vision of the different infrastructures and a coordination of the various
modes of transport both reachable with technological instrumentation in MaasS logic.
This system must stimulate a reversal of the dynamics with which Public Transport
is undergoing, over the years, a process of penalization underlying the simplistic
reasoning that places itamong those services in constant economic loss and, therefore,
no longer sustainable; the proposed articulation is aimed at demonstrating how the
interpolated action between intermodality and technology, between sustainability of
the network and (measurable) benefits for the community in terms of accessibility to
places, ecosystem services and quality of living spaces and finally, more generally,
between MaaD and MaasS.

The same approach as Ferrara Idropolitana can be extended, within the province
of Ferrara, into other areas characterized by the presence of water as well as the
public bus transport service, the railway and cycle paths, laying the foundations for
the recovery of unexpressed areas and in the process of depopulation.

4 Conclusion in Progress

The strategic vision of Landscape Metropolis brings together the potential of
intermodal mobility as a premise for the regeneration of places and territories.

Its political declination oriented to the principle of Mobility as a Deal—inter-
twined with a management and functional optimization through the appropriate
technological devices, in MaaS logic—can generate effective implications in terms
of quality of life, ecosystem services and the very health of the inhabitants, with
economic repercussions (also in terms of territorial marketing) capable of reversing
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the marked trends towards an increase in prices to the point of being able to hypoth-
esize, as a limit to aim for, a elimination of the same and widespread free public
mobility, complicit in the environmental improvement and the state of places as well
as the increase in value of all those spaces (open or volumes) that are crossed by that
mobility network.

Moreover, the investment itself in public fleets and landscape infrastructures by
the authorities (combined with facilitation policies especially with regard to the most
marginal nuclei) would also act as an incentive to change for the entire population.
Metropolitan densification is partly the result of an old capitalism, centered on extrac-
tive and aggressive logic towards the environment and landscapes. Perhaps still far
from subverting capitalism in its most intimate structure, we can however change
some of its defining connotations for a repositioning of the human being at the center
of the system. This transformation also passes through a redistribution of the pres-
ence of man oriented towards the re-signification of all those unexpressed areas in
the process of depopulation—and, therefore, in constant loss of specific weight and
meaning until they become places that do not count (Rodriguez-Pose)—but capable,
if reinserted into an effective system of intermodal mobility and personal services, of
reactivating their landscape qualities and constituting, through a system of countries,
the backbone of a Country and “futurible capital” for the next generations.
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Data-Driven Design )
of Human-in-the-Loop Assistance Sheshse
Systems for Light Electric Vehicles

Jessica Leoni® and Mara Tanelli

Abstract Advanced assistance systems are crucial for enhancing light electric vehi-
cles safety, energy efficiency, and user experience. Accordingly, this Chapter investi-
gates the development of functionalities that jointly monitor the urban environment,
the road conditions, and the vehicle dynamics to inform safety measures such as
rider alerts and adaptive speed control. Then, it also explores different strategies to
promote rider experience by considering rider physiological data to find the best
trade-off between electric and human power, minimize battery discharge, and maxi-
mize riding enjoyment. Last, it discusses the customization of the riders’ experience
by considering rider preferences, habits, and driving styles. For each of these core
areas, we will analyze the strengths and limitations of existing literature approaches
and presents novel solutions that we have recently designed to address the identified

gaps.

1 Towards a More Sustainable and Inclusive Urban
Mobility

In recent decades, the pressing impact of global warming has demanded concrete
countermeasures (Masson-Delmotte et al. 2022). Given the evidence that, in recent
years, road transport accounts for a stable share of 37% of global energy-related
C O, emissions, policies like the European Green Deal (Haas and Sander 2020)
and China’s Integrated Policy Assessment Model (Kejun et al. 2021) aiming for
zero-emission transport by 2050 have been promoted. As a consequence, research in
alternatives to private cars has spread (Ewert et al. 2020). Considering urban micro-
mobility, light electric vehicles (LEVs), such as e-scooters and e-bikes, prove to be
one of the most promising solutions (European Commission 2020). In fact, despite
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being sustainable (Campisi et al. 2020), they are attractive, user-friendly, license-
free (Teixeira et al. 2023), increasingly affordable thanks to battery advances, and
cheaper to operate and maintain (Michelangelo-Gulino et al. 2022). However, in the
urban environment, despite the growing presence of LEV, large-scale uptake is still
hindered. This is because current policies often overlook that changing mobility pat-
terns requires not only promoting sustainable travel options but also transforming
mobility culture and addressing users’ needs, preferences, and fears (Sopjani et al.
2019; Van Bree et al. 2010). Therefore, recent research focused on end-users’ feed-
back to better understand and thus overcome these barriers, identifying two primary
limitations. First, safety concerns, especially for e-scooters, related to the perceived
high injury risk (Teixeira et al. 2023). Second, mainly for e-bikes, the absence
of adaptive control. In fact, current models rely on fixed assistance levels, forcing
extra effort, especially on poor surfaces, and also being unaware of specific rider
needs (Christoforou et al. 2021).

1.1 Human-in-the-Loop Control Context-Aware System
Architecture

Thus, previous analyses show LEVs are promising for sustainable urban mobility, but
safety and fatigue must be addressed. However, designing effective human-in-the-
loop, context-aware control systems is complex, requiring consideration of factors
often overlooked in conventional vehicle controls. Key variables are road quality
and rider characteristics. In fact, the first affects vehicle vibrations, which can cause
loss of control due to the small tire-road contact area. Regarding the second, factors
such as rider mass, often exceeding the vehicle’s, influences stability by affecting
vertical forces. Adaptive fatigue control must consider user mass, psychophysiolog-
ical state, and road conditions. Thus, a human-in-the-loop, context-aware approach
is essential not only to address safety and fatigue-related issues but also to pro-
mote condition-based maintenance, as these same factors are also key contributors
to vehicle usage (De Bortoli and Christoforou 2020).

To move from a traditional design towards a human-in-the-loop and context-
aware control system architecture, we herein present and discuss the schema depicted
in Fig. 1. At a high level, it is composed of four primary blocks: two related to
the rider, one related to the vehicle, and one to the controller. Embedding rider
and context variability in models lets existing controllers perform better without
redesign. In contrast, current controllers, e.g., location-based speed reduction for
e-scooters (Brankovic et al. 2015; Leoni et al. 2024) or fatigue-based support for
e-bikes (Corno et al. 2014; Meyer et al. 2015), degrade in real-world use because
they do not account for rider or terrain variability.

In light of these considerations, Sect. 2 details adaptable rider behavior models;
Sect. 3 covers parametric vehicle modeling including rider mass and road quality;
Sect. 4 summarizes and outlines open challenges.
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Fig.1 Proposed human-in-the-loop, context-aware control architecture. The dotted section applies
only to e-bikes. The variables are defined as follows: w is the cadence, v the vehicle speed, a the
acceleration vector, composed of lateral ay, longitudinal a,, and vertical a, components; ¢ is the
pitch rate, 7; is the total torque applied to the vehicle, which is equal to the motor torque 7;, for
e-scooters, and the sum of motor torque and rider torque 7, fore-bikes. H R represents the heart
rate of the rider. Last, §, is the road friction coefficient, and J is the vector of driving style indices

2 Human Behavior Estimation

Moving to the user block, it must be noticed that it can consist of several sub-
components, based on the behaviors of interest in the target application. Usually,
driving style and psychophysiological state are modeled. However, when considering
e-bikes, the rider’s pedal control action can also be taken into account.

2.1 Driving Style

The literature provides several examples of how to estimate driving style risk for
traditional vehicles based on sensor data. These approaches can be categorized into
two main groups: machine learning-based and index-based methods. An example
of the first category is a recent study (Brankovic et al. 2015), which introduces
a machine learning framework to estimate driving style-related risk in real-time;
however, it leverages information collected by a lidar sensor, which is difficult to
implement in LEVs, particularly within a sharing paradigm. In addition, approaches
such as (Brankovic et al. 2015) assess riding style using cheaper sensors, such as
IMU and GPS, but leverage deep neural networks, which raises certification issues
and limits the feasibility of these solutions.
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Index-based methods are also effective. For instance, in Knowles et al. (2012),
driving style is assessed using a jerk-based metric I' = o;/J, with static thresholds
to classify risk. Similarly, Gelmini et al. (2020) propose dynamic-aware indexes
for braking, acceleration, lane changes, and speed. Though designed for cars, these
approaches can be adapted to LEVs given that proper threshold tuning has been per-
formed to account for the different rider-vehicle mass relation (Felipe et al. 2015).
Thus, taking inspiration from the approaches in Knowles et al. (2012), Gelmini
et al. (2020) and Leoni et al. (2023) we define four indexes to estimate rider driving
style, which have been properly tailored to address the context of LEV. Specifi-
cally, those indexes rely on three fundamental vehicle dynamics represented by the
accelerations a, (¢), ay(t), and a, (¢), and on the velocity signal v(¢). Since frequency-
domain features effectively capture vehicle dynamics in all three spatial directions,
while time-domain features suit the velocity signal better, we based our indexes
on the area under the Power Spectral Density function of the three accelerations,
namely PSD, , PSD, ,and PSD, , and the average speed V. By real-time extract-
ing these features using an ad-hoc fine-tuned rolling window, following the approach
in Gelmini et al. (2020), whole-trip indexes describing the longitudinal, lateral, ver-
tical, and speed-related dynamics can be derived by summing feature values over
time whenever they exceed a tailored threshold, which we ad-hoc set for addressing
LEVs dynamics. Specifically, for each time window w, the computed set of indexes
J(t) = {vw(), PSDa,, w(t), PSDay, w(t), PSDa;, w(t)}, can be computed as:

0 if vy, (¢
no=1° Vo) < vin (1a)
Vy(t) — vy, otherwise.
0 if PSD t d
Trs, (@) = P Da D) < o (1b)
PSD, .(t) otherwise.
0 if PSD,, ., (t) < psdy
J t) = ” Ic
psoy, () {PS Dy, (1) otherwise. (1e)
0 if PSD,_(t) < psdz
Ipsp, (1) = - bz (1d)
PSD,, ., (t) otherwise.

where the threshold array for these indexes is denoted as J;;, = vy, psdx, psdy:p,
psdz;,. Then, the integral indexes for an entire trip are computed as the sum of the
squared adjusted feature values, normalized by the trip length d. For the i'" metric,
this is given by:

114
1 2

Ji=< U;m(w) , @)

where W represents the whole number of extracted windows over the trip. To evaluate

the proposed framework, data collected in an extensive campaign was considered.
It involves a diverse group of 18 volunteers with different riding experiences. Each
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volunteer rode a predefined 1.7 km asphalted route. Despite the lack of a real-time
ground truth for driving style, the aggregated indexes provide consistent results with
a priori knowledge of the riders’ attitude. Specifically, we can notice that more expe-
rienced riders tend to exhibit extreme driving styles, i.e., attempting to complete
the route in the shortest time possible. In contrast, first-time users adopt cautious
behavior, especially during lateral maneuvers. Figure 2 shows, using a radar chart,
the results obtained for three representative trials performed by an expert rider who
drives aggressively, a first-time user who drives calmly, and the lightest rider who
was confident with the vehicle and drives in a normal style. Specifically, each poly-
gon corresponds to one of the trials, and each vertex represents the integral index
value obtained for the longitudinal, lateral, vertical, and speed index, respectively.
We can notice that, consistently with what is expected, the vertical dynamics and
speed indexes are highest for the lightest rider; on the other hand, considering the
expert driver that drive aggressively, the lateral dynamic index is instead significantly
higher for the experienced rider due to aggressive lane changes, and the longitudinal
dynamics index is amplified due to abrupt acceleration and braking maneuvers.

2.2 Psychophysiological State

Besides driving style, the rider’s psychophysiological state is relevant to designing
controls that enforce safety and reduce fatigue. However, real-time estimation of rider
fatigue is challenging due to individual differences like age, fitness, and health. While
complex muscle fatigue models exist (Wan et al. 2014), they are impractical for real
use. Luckily, research proves that heart rate is a reliable fatigue proxy, with fatigue
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occurring when heart rate exceeds 50-60% of the maximum, which is commonly
approximated using Tanaka’s formula (Sarzynski et al. 2013):

H Rypar = 220 — age 3)

From this value, the mentioned threshold can be computed as 50%-60% of H R4
Building on this, various models have been developed to describe the dynamic rela-
tionship between heart rate and cycling effort, which can be categorized into two
groups: linear and nonlinear. Linear models, as that presented in Lefever et al. (2014),
despite being often preferred due to their lower complexity, sometimes fail to repre-
sent more complex heart dynamics. On the other hand, nonlinear models significantly
complicate both the controller design and the computation of the control action. In
this context, a promising solution is then given by the Hammerstein model (Su et al.
2007), which integrates the nonlinear dynamics through a static function applied to
the input variable. This function between the heart rate H R and the rider power P,
can be both linear and nonlinear and is formulated as:

Nin :HR =ay+a - P, (4a)
A/nonlin :HR = as+ay - Pr2 (4b)

where the coefficients a;, a;, az and a4 must be estimated by a least squares approach
from data collected in the first part of a trial, during the acceleration region, without
any assistance from the e-bike motor. The output of this nonlinear function feeds
a linear model that predicts heart rate changes from a reference H R in response
to cycling effort. This linear model is composed two parts for short- and long-term
fatigue. However, since e-bikes are typically used for short trips, only the short-term
response is relevant, modeled by this second-order linear function:

MHR
pr— 5
G () (I +sTur1)(1 +5THg2) ®)

where g represents the gain for the steady state displacement of the heart rate
from its baseline value, while Ty 1 and Ty » influence the shape and the duration
of the transient to reach the steady state. Once the coefficients of this equation have
been estimated, the heart rate can be modeled as:

HR(t) = HRo + G(s) - N(P:(1)) (6)

where H Ry is the baseline heart rate of the rider, perceived in a relaxed condition
before cycling. This separation of nonlinear input and linear dynamics simplifies
control design and provides a more accurate system representation. When applied
to several case studies, Hammerstein models have shown effective results, and often
prove that a linear static function is enough to represent the system behavior in
normal ride, while a nonlinear input function becomes relevant in the case of intense
cycling (Corno et al. 2014).
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To prove the effectiveness of this approach, we use it to model the heart rate
dynamics of the rider involved in our e-bike case study, considering the data used
also for validating the vehicle dynamics model presented in Sect. 3. From this data,
we first estimate the static relation between rider power and heart rate. To this end,
we use both linear and quadratic functions, according to the formulations reported
in Egs. 4a and 4b, respectively. Table 1 reports the coefficients for the two equations
estimated by applying a least squares error optimization to the data of each rider
separately, along with the corresponding nRM SE and the R? score between actual
and predicted heart rate. Figure 3 shows the results for the heavy rider, which aligns
with those of the light one. As expected from the literature, given that no intense
riding trial has been performed, in both cases the fitted linear model provides a better
fit.

Once the static response has been estimated, the coefficients in the linear model
described by Eq. 6 must also be identified. Although the gain value p g can easily
be derived as the slope in the linear function previously identified, and the baseline
value of the heart rate of the rider H Ry, equal to 81bpm for the light rider and 72bpm
for the heavy rider, can be measured during a rest state condition, identifying the time

Table 1 Estimated input function

Rider Model Evalauation metric
nRMSE R? score
35kg Niin : HR =94.787 + 1.007 - P, 0.185 0.584
Nuontin - HR = 109.672 + 0.012 - P,2 0.211 0.458
90kg Niin : HR = 77.651 4+ 0.307 - P, 0.125 0.667
Nuoniin - HR = 85.979 + 0.002 - Pr2 0.138 0.600

This table presents the estimated coefficients and corresponding evaluation metrics for both the
linear and nonlinear input functions, considering the two riders involved in the e-bike case study

Collected samples
1401 Nin:HR = 77.651 + 0.307P,; nRMSE = 0.125
Noniin: HR = 85.979 + 0.002P;; nRMSE = 0.138
120
B
Q
S 100
o
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80
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Pr (W)

Fig. 3 Estimated input function. This figure shows the estimated heart rate versus power relation
for the heavier rider, approximated using the linear and the quadratic functions
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constants for the two poles is challenging. In Corno et al. (2014), these were estimated
via frequency response analysis using a continuously varying transmission, which,
however, is not available in most of the on-the-market e-bikes. Thus, we assume that
the heart rate transients remain similar across individuals, and we adopt the values
estimated in the referenced paper, which have been Ty 1 = 22s and Ty g = 55s.
Of course, this assumption represents a limitation that should be addressed in future
research.

2.3 Pedaling Control Action

Last, specifically for e-bikes, it may also be valuable to model the rider’s pedaling
control action. A widely accepted model in the literature is the one proposed by
Corno et al. (2014), which represents the rider as a pedaling cadence controller that
compares the current cadence with the desired one and accordingly modulates the
torque on the pedals. Specifically, it is defined as a linear time-invariant second-order

controller:
(1 +s trid)

(1 +sTi0)? @

Rw,, (8) = Wria

where w,;4 is the gain, t,;4 is the time constant of the zero, and T,;, is the time con-
stant of the two coincident poles. Although this approach offers an indirect measure
of the rider’s fitness level and style preferences, it has some limitations. The main
one is that the model parameters must be estimated for each new rider. However, in
the presented study, to derive these coefficients for a single rider, multiple experi-
ments were conducted where the e-bike is accelerated to a constant velocity starting
from standstill with a fixed transmission ratio. However, this procedure is long and
demanding; thus, it can not be applied in real-world scenarios.

To this end, in our work (Leoni et al. 2025), we design an online identification
strategy to make this approach capable of real-time adapting to new riders. This
method still leverages the fixed transfer function proposed in Corno et al. (2014)
but considers the gain, and the zero and the poles time constant as adaptive coeffi-
cients. Thus, we estimate these values using a least squares optimization approach
by considering the first 30s of a new ride, since we prove that this duration was the
shortest effective one for achieving robust parameters. To evaluate our framework,
we consider the trials in the e-bike dataset described in Sect. 3. Table 2 presents the
estimated coefficients, aggregated by rider and road quality, along with the corre-
sponding average n RM SE between measured and simulated rider torque 7, (¢), in
the respective trials. In addition, Fig. 5 illustrates the whole distribution for the esti-
mated parameters, highlighting significant variations across riders and reinforcing
the need for online estimation. Specifically, it is possible to notice that lighter riders
exhibit lower gain, and their control action is less affected by changes in terrain
quality. To further demonstrate the model’s effectiveness, Fig. 4 compares the pre-
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Table 2 Estimated discrepancy correction coefficients for the rider behavior model

Rider Road quality | Parameters Performance nRMSE
Wrid Trid Tria
35kg Good 6.05 0.94 1.34 0.56
Medium 9.94 0.96 1.23 0.98
Bad 9.06 0.91 0.73 0.58
90kg Good 23.05 0.99 1.05 0.76
Medium 26.70 0.95 1.51 0.88
Bad 24.07 0.97 0.34 0.73

dicted rider torque 7, (¢) and vehicle speed v(¢) for the heavy rider on asphalt using
the parametric model estimated according to the presented method, using a model
estimated for the same rider but on gravel, and using a model estimated on asphalt
but for the light rider. All trials are conducted with k = 0 and a reference speed of
12km / h. Results show that using a model from a different rider significantly impacts
performance, whereas using a model estimated on a different terrain has minimal
effect. This suggests that rider-specific coefficients can be estimated at the start of the
ride to adapt the model to a new user, but can be considered as constant throughout,
as simulation results confirm that rider behavior remains relatively stable despite
changes in road quality.

3 Parametric Models for Personalized Assistance

For what concerns vehicle model, the longitudinal dynamics of LEVs is often mod-
eled based on equations derived from the dynamic equilibrium of forces outlined
in Radrizzani et al. (2023). Assuming a negligible road slope, the system follows:

Tior

r

Mbp = —F., — Fb+ (8)

where:

e MY represents the inertial force of the e-bike, where M = M,..; is the total mass.
Here, M,.; = M}, + M, accounts for the vehicle mass and a reference rider mass.
e F_, is the coasting down force, defined as:

Fy = av’+ Bv+ Mgy 9)
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Fig.4 Speed and torque predictions. This figure shows the predicted vehicle speed and rider torque
for a trial performed on the e-bike by the heavy rider with « = 0 and a reference speed of 12 km/h
on asphalt. It compares the predictions of the controller trained on this trial to those of controllers
trained on the same trial but performed by a lighter rider and by the same rider but on gravel

so that:

-a= % pC, A is the aerodynamic drag; p is the density of the air, A the front area
of the vehicle and the rider and C, the drag coefficient.

— B = D,, is the viscous drag coefficient.

— Mgy, considering y = C, represents the rolling resistance.

° % is the traction force, where T;,; = T, + T,, is the sum of rider and motor
torques, and r is the wheel radius.
e Fb is the braking force.

As explained in Corno et al. (2016), these coefficients can be identified by ad-hoc
performed coasting down experiments. While effective, this model does not account
for rider variability and road conditions, as its coefficients are typically identified for a
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Fig. 5 Parameters estimated for rider behavior model. This figure shows the distribution of the
estimated u, and 7};4 from the trials in the road quality dataset

specific rider and surface. Thus, to make this fixed model context- and human-aware,
our suggestion is to reframe this dynamical equation to be parameteric. To this end,
specific coefficients have been introduced, which improve its accuracy in resembling
the actual vehicle dynamics (Leoni et al. 2025). The two included coefficients, §,,
and §,, account for changes in rider mass and road quality, so that:

o M =M,y -5,, with M,,; = M}, + M,, where §,, compensates for deviations
from the reference mass.

e Therolling resistance term is modified as Mgy, where y = C, + §, and §, corrects
the nominal rolling resistance coefficient.

While §,, can be estimated once, at the beginning, and then considered as constant,
8, varies dynamically during the trip. Accordingly, for each new trial, §,, and the
initial §, can be estimated by applying a recursive least squares approach to the data
collected within the first 30 s that exceeds a speed of 5 km/h and with a positive
cadence. Then, §, should be continuously updated during the ride, either by applying
recursive least squares, though computationally expensive, or by classifying the road
quality into a predefined set of categories and using a scheduled value of §, for each
class.

To perform road quality classification, several approaches have been presented in
the literature. Most of them are referred to the automotive context and rely on a stan-
dard or revised version of the traditional International Roughness Index (I RI) (Say-
ers et al. 1986). However, the / RI has been demonstrated to be poorly applicable
when considering LEVs, since they are characterized by low travel speed and light
damping (Cafiso et al. 2022). Consequently, alternative approaches can be inves-
tigated. Considering traditional vehicles, road surface quality estimation has also
been addressed in the literature by proposing model-based approaches that rely on
vehicle vibrations, typically measured using a simple setup consisting of a tri-axial
accelerometer and GPS (Yeganeh et al. 2019). This research encompasses both sim-
ple model-based approaches for two-wheeled vehicles (Gorges et al. 2018) and four-
wheeled vehicles (Hassen et al. 2019), along with advanced techniques that utilize
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sliding mode observers (Rath etal. 2014) and Kalman filters (Dhole et al. 2019). How-
ever, these model-based methods have limited applicability to LEVs, as they rely on
a precise model to describe the LEV’s vertical dynamics, which is a challenging task
due to the complex, user-dependent behavior and the absence of suspension systems.
Thus, attention has shifted toward model-free approaches, which relies on machine
learning and deep learning techniques that are showing promising results (Youse-
fzadeh et al. 2010; Nguyen et al. 2019). However, most of these methods rely on
information gathered from expensive sensors, such as cameras, and leverage unex-
plainable approaches, like deep neural networks, which hinder implementation and
certification Leoni et al. (2022, 2020). Given the above considerations, in (Leoni et al.
2023) and (Leoni et al. 2025) we present a machine learning-based approach for real-
time road quality classification that relies on features extracted from a simple sensor
setup including an IMU. Specifically, vertical acceleration, a,(¢), and pitch rate,
6(t), prove to be the most effective for reconstructing road quality, especially when
considering frequency-domain features rather than time-domain ones (Hu 2015).
Specifically, the area under the Power Spectral Density (PSD) of these signals is one
of the most suitable metrics.

3.1 Parametric Vehicle Model Validation

To reliably validate the effectiveness of the proposed approach, it is key to rely on
data collected in dedicated experimental campaigns. To this end, a robust campaign
should account for riders of different masses, riding at different speeds over terrains of
different quality. To validate the parametric vehicle model presented, we considered
data collected during a campaign involving two riders weighing 35kg and 90kg in
36 trials, each 300m long. Two reference speeds of 12km /h and 20km / h have been
considered. For each one, each rider performed six trials on asphalt, six on gravel, and
six on cobblestones with no assistance (¢ = 0) factor. For both vehicles, each trial was
conducted in the same way: the rider was asked to reach and maintain the target speed
and keep it constant until the end, traveling as straight as possible on the target surface.
First, following the approach in (Corno et al. (2016)), we determine the coasting down
coefficients (¢, B, and y) from specifically designed experiments conducted by a
90 kg rider on an asphalt surface. This scenario represents the baseline model, where
8» = 1 and 8, = 0. Under these conditions, we obtain the fixed model parameters
a = 0.265, B = 0.475, and y = 0.008. Then, we estimated the coefficients for each
trial. Figure 6 and Table 3 summarize the obtained results, revealing that the estimated
8, was closer to 1 for the heavy rider, while it ranged from 0.47 to 0.51 for the
light rider, aligning with their mass differences. Similarly, §, correlates with road
quality, with values close to O for trials on asphalt, approximately 0.15 for gravel,
and around 0.28 for cobblestones. Based on these findings, we decided to update §,
using these scheduled values based on the predictions of the road quality classifier.
Figure 7 directly compares the difference between the estimates of the fixed and
parametric models for two trials performed on cobblestones at 12 km/h with « = 0
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Fig. 6 Estimated discrepancy correction parameters. This figure shows the distribution of the
estimated &, and §, from the trials in the e-bike dataset

Table 3 Estimated discrepancy correction coefficients for the vehicle dynamic model

Rider Road quality Parameters Performance
nRMSE
Sm 8
35kg Good 0.46 0.02 0.03
Medium 0.49 0.11 0.15
Bad 0.41 0.25 0.13
90kg Good 1.01 0.02 0.07
Medium 1.18 0.15 0.23
Bad 0.70 0.32 0.20

by the two riders. To update 6,, we adopt the scheduled values-based approach
described in both trials. The results show that the fixed model exhibits higher errors,
particularly for the light rider, due to inaccuracies in mass estimation and road surface
variations. Even for the heavy rider, the fixed parameters fail to accurately capture the
system dynamics. Also, it can be noticed that variations in rider mass primarily affect
the transient phase; on the other hand, changes in road quality impact steady-state
performance, highlighting the necessity of real-time updates for §,.

4 Future Directions and Challenges

This chapter presents a human-in-the-loop, context-aware control system for LEVs.
Its key novelty consists of including modular parametric models that account for
rider mass, psychophysiological state, driving style, and road conditions, factors
often neglected but critical for LEVs. Experimental results demonstrate the bene-
fits of this approach. Future research will focus on adapting heart rate dynamics
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Fig. 7 Fixed and parametric model comparison. This figure compares the open-loop simulation of
vehicle dynamics between fixed and parametric models for two trials in the e-bike dataset

parameters. Also, large-scale validation is required to ensure robustness. To this end,
we are promoting the creation of a shared dataset that includes diverse roads, rider
behaviors, and urban environments from multiple cities. This will enable better model
comparison and validation across different studies.
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Abstract At a global level, the World Health Organization (WHO) estimated 1.19
million road traffic deaths in 2021; among these, cyclists account for 5% of fatalities.
In that regard, a systematic and general approach to road safety through data analysis
was proposed in the 1970s by the first administrator of the National Highway Traffic
Safety Administration (NHTSA), Dr. William Haddon, who analyzed the relationship
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between the phases of a road crash and traffic factors to define the well-established
“Haddon Matrix”. This approach is still of great relevance today. The study described
in this book chapter extends Dr. Haddon’s methodology by engaging experts from
different research fields. The uniqueness of this approach lies in its focus on techno-
logical, socio-cultural, and economic countermeasures for light pedal vehicles, such
as e-bikes and e-cargo bikes, which to the best of authors’ knowledge, has never been
addressed in previous analyses. This modified version of the Haddon Matrix is an
asset tailored to be more effective than the original to address the challenges of the
European mobility context.

1 Introduction

The Global Status report on road safety published by the World Health Organization
(WHO) in 2023 indicated a 5% decrease in global road traffic fatalities between 2010
and 2021 (from 1.25 to 1.19 million), despite increases in population and vehicle
fleet (World Health Organization 2024). Road crashes remain the leading cause of
death for individuals aged 5 to 29 and the 12th leading cause of death globally.
Most victims are motorcyclists (30%), car occupants (25%), pedestrians (21%), and
cyclists (5%). Also, efforts to enhance road safety, such as legislation addressing
speed limits, drink-driving, helmet use, and seat belts, have made limited progress,
with only seven countries meeting WHO best practice standards.

The “Safe System” (SS) approach, prioritizing people and safety, has proven to be
more effective in Europe and the Western Pacific, demonstrating achievable targets
with sufficient political commitment (U.S. Department of Transportation 2025).

Italian road trauma statistics also raised concerns for ‘Vulnerable Road Users’
(VRUs), including light pedal vehicle users. For instance, in 2023, cyclists’ fatal-
ities reached 212, a 3.4% increase from 2022 (Istat 2024). This underscores that
promoting light pedal vehicles for sustainable urban transport necessitates manda-
tory safety initiatives, as increased VRUs use, without preventive countermeasures,
escalates crash risk. Accordingly, this book chapter explores the application of the
well-established ‘Haddon Matrix’ (HM) as a systematic framework for improving
cycling safety by addressing risks across the different crash phases (Haddon 1972).
The objective of this study is to identify safety-related areas, treatments, interven-
tions, and countermeasures, for a safe design, implementation, and use of light pedal
vehicles, particularly e-bikes and e-cargo bikes.

To address current mobility challenges, multidisciplinary experts were involved
in the study to provide advice addressing this objective. This led to the definition of
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an adapted version of the HM, tailored to this scenario, including relevant items and
observations to enhance road safety of light pedal vehicles.

2 Background

Recent advancements in road safety research reject serious injuries and fatalities
as inevitable outcomes of road transport, trying to define and promote new guiding
principles such as ‘Life is not negotiable’ from Vision Zero, an initiative launched
in Sweden in the 1990s (Vision Zero Network 2025).

Vision Zero was influential for road safety policies worldwide, leading to the
commitment of governments towards the zero-fatality goal in Europe, USA, and
Australia, to name a few. In that regard, the European Commission confirmed this goal
for 2050 with the “Sustainable and Smart Mobility Strategy” (European Commission
2020).

Institutions committed to Vision Zero have started adopting the SS approach. An
example is represented by the US National Highway Traffic Safety Administration
(NHTSA) (U.S. Department of Transportation 2025).

Since the 1970s, NHTSA has used a systematic, data-driven approach to
investigate road safety challenges and identify proper countermeasures.

Within this context, Dr. Willian Haddon, NHTSA'’s first administrator, proposed
a simple but brilliant method that professionals can use for analyzing all the relevant
aspects of the traffic system that have a role in road crash losses (Haddon 1972).
The method considers the three phases of a road crash (pre-crash, crash, and post-
crash) and their relationship with the three main traffic factors (user, vehicle, and
environment). Losses due to energy-damage are produced throughout a sequence of
three phases in which the relevant factors intervene and interact; the matching of the
three phases with the three factors that influence the crash occurrence constitutes
the so-called “Haddon Matrix”. Each HM cell features a list of keywords related
to one specific crash phase and influenced by one specific factor. Each keyword in
the table warrants an analysis to understand the phenomenon and identify possible
countermeasures. For example, when focusing on the human factor (user) and the
pre-crash phase, one possible element is crash avoidance maneuvers, such as braking.
The analysis of real-world crash data determines the influence that braking has on
crash occurrence and the related damage (e.g., serious injuries). Once the associated
factors and the causative factors are identified, possible countermeasures can be
determined to reduce crash occurrence or mitigate the related injury outcomes.

Overall, the HM provides a useful framework for systematic road safety analysis,
being aligned with the SS. Among the applications of the HM, recent examples are
available in the literature (Wallington et al. 2014; Batala Mpondo et al. 2014; Ncube
et al. 2016; Baru et al. 2019; Ewbank et al. 2019; Sadeghi-Bazargani et al. 2020;
Sundet et al. 2020; Zou et al. 2020; Das et al. 2024).
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3 Methodology Employed

Building upon the original structure of the HM, an enhanced version, more tailored
to the needs of the actual mobility system, is here defined.

Several experts from different research fields were consulted during the study,
contributing to the definition of an adapted HM, filled with pre-existing or innovative
safety-related items, along with a list of relevant observations.

Naturally, the presented version - illustrated in Sect. 3.2—should be regarded
as preliminary. Accordingly, it has been intentionally designed to support collab-
orative development, serving as a foundation for fostering connections among the
experts, facilitating the further extension and refinement of its content, as described
in Sect. 4.3.

3.1 Basic Haddon Matrix

The original layout of the HM has three columns—the factors of the epidemiological
phenomenon—and three rows—the temporal phases of the crash event—as depicted
in Fig. 1. The factors are simply identified as follows:

e Human (human users of the road infrastructure)
e Vehicle and equipment (vehicles using the road infrastructure)

Fig. 1 The basic Haddon
Matrix

Human Vehicle Environment

Pre-crash

Crash

Post-crash




A Systematic Approach to Enhance Road Safety of Electric ...

e Environment (road infrastructure).

The phases are categorized as:

3.2 Enhanced Haddon Matrix

Pre-crash (before the crash event, while using the vehicle)
Crash (while the energy exchange occurs)
Post-crash (after the crash event, both at the scene and post-event).
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Although the basic HM highlighted several key aspects of road safety, its applica-
tion to this specific context revealed gaps that required the inclusion of additional
elements. To meet the needs of the target scenario, the factors and phases were
further refined, leading to an enhanced HM, illustrated in Fig. 2. This extension was
primarily motivated by the broader perception of road safety issues and the necessity
for increased granularity across various domains.

In our study, the proposed list of factors is the following:

e Human (road users)

Human

Vehicle and
equipment:
physical
characteristics

Vehicle and
equipment:
movement

and location

Environment:
physical
characteristics

Environment:
socio-cultural
and economic
characteristics

Management
culture
and leadership

Journey
management

Pre-drive

Drive
and
Pre-crash

Crash

Post-crash

Post-event

Fig. 2 The enhanced Haddon Matrix
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e Vehicle and equipment: physical characteristics (vehicle geometry or materials,
type of installed systems and components, etc.)
Vehicle and equipment: movement and location (vehicle status)
Environment: physical characteristics (road layout and geometry, type of road
surface, etc.)

e Environment: social-cultural-economic characteristics (community attitudes
towards road safety)

e Management culture and leadership (society as it can become through high-level
initiatives)

e Journey management (planning actions for mobility operations).
The phases were refined from the three basic elements to the following:

Pre-drive (before getting to the vehicle)

Drive and Pre-crash (before the crash event, while using the vehicle)
Crash (while the energy exchange occurs)

Post-crash (at scene, after a crash occurs)

Post-event (following a crash, not at the crash scene).

3.3 Experts’ Contribution

As previously mentioned, this study was carried out with input from experts across
several research fields, gathered through an initial survey. The survey was structured
in sections, as described below:

Section 1: introduction to the study and its scope
Section 2: request for the experts’ professional details (professional role, scientific
background, etc.)

e Section 3: explanation of the enhanced HM, presented with selectable cells repre-
senting the safety-related areas, and request for the selection of each expert’s areas
of interest. An existing subsection allowed the experts to provide details for the
selected areas (e.g., the interest in one or more keywords already present in the
HM).

The experts were individually contacted for a telematic meeting, providing a
further explanation of the HM and the aim of the study. They were invited to confirm
or modify the selected area of interest, and to correlate each area with one or more
keywords present in the enhanced HM, or to identify them as a further extension.

In addition, the experts were requested to write one or more short paragraphs to
facilitate focused insights on each safety-related area, structured as follows:

Research output (to be identified within the study)
Inputs required: information to achieve the desired output
Theoretical framework: reference to a consolidated knowledge within the research
fields (e.g., a well-known behavioral model)
e Open questions.
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It was clarified that each paragraph had to focus on a distinct keyword related to
a specific area of concern.

Technical support was provided for the proper alignment of the expertise of each
expert with the identified keywords.

4 Results

Eleven participants contributed to the study, comprising the authors and co-authors
of this book chapter. All of them have an academic background, ranging from early-
stage to advanced careers, as summarized in Table 1. Overall, three main professional
profiles were identified: engineer, designer, and lawyer.

The established multidisciplinary team brought together a wealth of expertise,
ranging from public health to engineering and social sciences, ensuring a compre-
hensive approach to the objective of the study. Their expertise span road safety,
including road crash investigation and active safety technologies for Power Two
Wheelers (PTW), and vehicle technology, encompassing powertrain systems design,
smart sensors, Internet of Things (IoT), Battery Management Systems (BMS) algo-
rithms for e-bikes, and battery modelling. Additionally, their proficiency extends to
the design and regulatory framework of light pedal vehicles, with a primary focus
on emerging frontiers of civil liability in light mobility.

Table 1 Experts’ professional profiles

Expert number | Professional role Scientific background Years of working experience
1 Associate professor | Civil law 29
2 Associate professor | Mechanical engineering |25
3 Associate professor | Computer engineering 19
4 Associate professor | Mechanical engineering | 18
5 Researcher Computer engineering 11
6 Researcher Biomedical engineering | 6
7 Researcher Electrical engineering 6
8 Researcher Computer engineering 6
9 Ph.D. Student Civil law 4
10 Ph.D. Student Mechanical engineering | 2
11 Ph.D. Student Product design 2
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4.1 Experts’ Contributions: Adapted Haddon Matrix

Each expert’s contribution was reviewed, verifying the alignment of the identified
keywords with each safety-related area. An adapted HM was then obtained, shown
in Fig. 3. The green cells contain the keywords identified by the experts as already
available in the enhanced HM, while the yellow cells contain the newly identified
keywords. The white cells contain the keywords included in the enhanced HM but
not selected or identified by the experts.

Compared to the enhanced HM, Fig. 4 illustrates the adapted HM with color
gradients that reflect the volume of contributions received for each safety-related
area, while also highlighting the scientific background of the experts who provided
inputs among the different areas.

Engineers and designers focused on the physical characteristics of light pedal
vehicles for the first three phases, while lawyers prioritized human factors in boundary
phases and the socio-cultural and economic environmental characteristics for the
pre-crash phase.

Although several contributions were received both for the new phases and factors
of the enhanced HM, the covered areas were mainly related to the factors and phases
of the basic HM. Still, new keywords were defined, allowing for a detailed analysis
and description of the related initiatives proposed to enhance cycling safety, which
will be presented in the next Section.

4.2 Pre-drive Phase: Prevention Through Strategic
Readiness

The pre-drive phase focuses on proactive measures for cyclists and their vehicles to
ensure safe journeys.

Improving human factors plays a pivotal role in this phase. In that regard, compre-
hensive safety education programs tailored to the diverse needs of cyclists are
reported as crucial; for instance, teenagers using bicycles for leisure, commuters
riding within urban traffic, and non-residents unfamiliar with local road signs all
require distinct educational approaches. To this end, a particularly promising initia-
tive is the introduction of a voluntary safety license, which could be endorsed by
public institutions, delivery platforms, or private organizations, encouraging partici-
pants to engage in structured safety training, thereby promoting a culture of respon-
sible cycling. Nevertheless, there is a limited number of studies in the literature
addressing this topic from a normative perspective (Magaifia et al. 2021; Laverdet
et al. 2023; Niemann et al. 2023).

Vehicle and equipment factors’ readiness is also important. Predictive mainte-
nance of systems offers a proactive approach to enhance the reliability of bicycles,
particularly e-bikes. In fact, real-time diagnostics can detect issues such as motor
faults or wear, preventing sudden breakdowns that could compromise cycling safety.
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Fig. 3 The adapted Haddon Matrix. The green and white cells contain the keywords presented in
the enhanced HM, with the green cells representing those selected by the experts. The yellow cells
highlight the newly identified keywords
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Fig. 4 The adapted Haddon Matrix builds upon its enhanced version, showing the density of the
experts’ contributions for each safety-related area, and their scientific backgrounds

Additionally, the analysis of historical data enables the identification of latent defects,
supporting proper maintenance strategies (Lee et al. 2020).

Ultimately, journey management factors need consideration. By combining data
on the battery State of Charge (SoC), rider behavior, and road characteristics (e.g.,
type of road, or pavement conditions), it is possible to provide accurate range predic-
tions, reducing the likelihood of a cyclist being stuck on the road. This is particularly
important in high-risk areas, such as zones with heavy traffic and lack of dedicated
bicycle lanes (Burani et al. 2022). Consequently, cyclists can select or plan safer
routes based on their preferences, even enhancing the comfort of cycling trips.

4.3 Drive and Pre-crash Phase: Mitigating Road Hazards

During the drive and pre-crash phase, the focus changes, as cyclists are now riding
within real-world traffic contexts.

The “Fitness to ride” is a critical element, as cyclists’ physical readiness directly
impacts on their ability to manage unexpected events. Wearable devices can help
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monitor this phenomenon, as they allow for tracking vital signs, thus assessing
cyclist’s physiological condition in real-time (Boonnithi and Phongsuphap 2011).
Accordingly, (Niewiadomski et al. 2007; Santos et al. 2020) propose an approach
to prevent excessive fatigue and checks that cyclists remain alert and capable to
effectively respond to potential hazards, even suggesting rest breaks when fatigue or
distraction levels become critical. However, it is important to note that eliminating
fatigue is neither feasible nor desirable, as it would undermine the health benefits of
physical exercise. Hence, this measure is primarily intended for untrained or older
cyclists, who benefit most from guidance in managing fatigue while riding.

Active safety technologies further enhance cycling safety by intervening on
vehicle dynamics or providing clear warnings about road hazards, allowing cyclists
to promptly maintain vehicle control and avoid potential collisions (Kapousizis et al.
2023). These technologies can enable e-bikes to adapt to varying road conditions and
dynamically respond to changes, ensuring optimal handling and preventing crashes
in scenarios which require sudden maneuvers (Corno et al. 2017, 2022; Guanetti et al.
2017). Similarly, speed regulation technologies, which integrate Global Positioning
System (GPS) data and real-time sensor inputs, ensure that e-bikes operate within safe
limits tailored to the environment and rider condition (Brankovic et al. 2015). More-
over, smooth transitions between pedal power only and pedal-assisted modes further
enhance rider confidence, especially during risk scenarios and when the battery SoC
is critically low. Despite the promising results achieved in the automotive sector,
where these technologies are being increasingly adapted, they are still in the early
design phase for e-bikes, thus requiring further research efforts (Kapousizis et al.
2023).

Ultimately, it must be noted that also socio-cultural and economic approaches
can contribute to mitigating road hazards. Behavioral insurance policies, such as
Pay How You Drive (PHYD) and Pay As You Drive (PAYD), promote respon-
sible cycling behaviors by linking premiums to factors such as speed regulation,
braking patterns, and adherence to traffic laws (Yang et al. 2022). These schemes
not only encourage safer practices but also make insurance more affordable, thereby
improving its accessibility and appeal to a broader range of cyclists.

4.4 Crash Phase: Improving Vehicle Resilience and User
Protection

The crash phase is mainly centered on vehicle crashworthiness and user protection.

To enhance safety, road vehicles are increasingly designed with collapsible struc-
tures, often using different materials to better withstand impacts and mitigate injury
severity of VRUs (Carter and Neal-Sturgess 2009; McNally and Rosenberg 2013;
Sun et al. 2018; Ptak et al. 2020). In that regard, advanced multibody simulation
tools play a prominent role to support researchers and manufacturers to analyze the
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dynamics of different crash scenarios and optimize vehicle design to prioritize cyclist
protection (Siemens 2025).

Moreover, research also focus on Personal Protective Equipment (PPE), including
protective clothing (Pallacci et al. 2019) and innovative helmets equipped with
airbags (Mathon et al. 2023), improving their design to further reduce injury severity
by effectively absorbing impact forces directly transmitted to users.

Besides minimizing the physical consequences of crashes, these solutions also
improve overall confidence among users in choosing light pedal vehicles as a mode
of transport.

4.5 Post-crash Phase: Coordinated Emergency Response
and Recovery Efforts

The post-crash phase focuses on safety management in the immediate aftermath of
a crash to reduce harm and ensure prompt interventions.

Physiological monitoring devices are instrumental in this context. For instance,
intelligent PPEs as smart helmets, which are capable of correlating measured head
accelerations with head injury levels (Dharani et al. 2020), and wearable devices that
measure vital signs, can transmit real-time data of the physiological status of cyclists
(Boonnithi and Phongsuphap 2011; Niewiadomski et al. 2007; Santos et al. 2020).
This information, if promptly provided to emergency responders, enables more
effective medical interventions, thereby improving the chances of cyclist survival,
especially in remote areas.

Legal and financial recovery mechanisms are also important. Specifically, insur-
ance policies offering legal assistance can streamline the complex and stressful
process of filing claims and settling disputes. By ensuring access to affordable and
efficient legal support, these policies can alleviate the psychological and financial
burden on cyclists, enabling them to focus on recovery.

4.6 Post-event Phase: Long-Term Improvements

The post-event phase extends beyond immediate recovery, focusing on extracting
lessons from crashes to inform future safety interventions.

Hence, data collection and analysis are central to this phase (Yang and Yang
2023). By anonymizing and aggregating information from crashes, such as braking
behavior, road conditions, and environmental factors, researchers and policymakers
can identify patterns and underlying causes. Moreover, this allows the evaluation and
refinement of on-board systems to ensure continuous technological improvement.
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This phase also highlights significant ethical concerns, with particular emphasis
on data privacy. Establishing robust safeguards and transparent usage policies is
essential to ensure public trust and compliance with regulatory frameworks.

4.7 Relevant Items and Observations

Several observations emerged from the study, allowing to define a list of key
interventions to enhance cycling safety.

In that regard, it must be noted that some elements presented in the adapted HM
were already present in the enhanced HM, thus confirming their importance for road
safety, and also underlining the inherent multidisciplinarity among the experts. An
example is “Monitoring”, related to cyclists’ distraction or fatigue, which may be
monitored using on-board and wearable devices.

Additionally, a comparable number of elements were newly identified, thereby
proving the potential of the HM and its versatility. In more detail, the involvement
of legal experts highlighted two main elements relevant to light mobility: insurance
policies and legal assistance. Furthermore, other new elements provided interesting
insights across various research fields, such as “Re-routing”, associated with the
dynamic vehicle control to modify a route in real-time, accounting for the safety-
related factors that characterized a trip.

Ultimately, while a few safety-related areas remained partially or completely
uncovered, these should not be disregarded, as innovative items relevant to enhancing
cycling safety could still emerge.

5 Conclusions

This study demonstrates the potential of the Haddon Matrix as a systematic approach
for addressing road safety of light pedal vehicles, as those under development within
the MOST—Spoke 35, identifying effective countermeasures to support their design
and implementation.

The adopted methodology proved to be effective and versatile, both in its ability
to establish connections within a multidisciplinary research context and to gather
useful information for identifying specific and relevant elements within the safety-
related areas of the HM. In that regard, some original observations were provided;
their importance was confirmed, as they aligned with already-known concepts or
emerged as innovative.

However, it must be noted that several competencies were excluded, although
they may be influential for addressing safety of light pedal vehicles.

Therefore, future research will involve the experts’ re-engagement to assess
whether any elements present the adapted HM, or newly identified ones align with
ongoing research activities or projects, providing a basis for revisiting the HM content
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in light of emerging methodologies or technologies aimed at enhancing cycling
safety.

Overall, the insights of this study underscore the potential of the HM for
understanding and mitigating crash risks, laying the groundwork for long-term
improvements in European mobility contexts.

Acknowledgements This work is funded by the European Union—Next Generation EU. “Sustain-
able Mobility Center (Centro Nazionale per la Mobilita Sostenibile - CNMS)”, M4C2—Investment
1.4, Project Code CN_00000023, CUP B13C22001000001.

References

Baru A, Azazh A, Beza L (2019) Injury severity levels and associated factors among road traffic
collision victims referred to emergency departments of selected public hospitals in Addis Ababa,
Ethiopia: the study based on the Haddon matrix. BMC Emerg Med 19:2. https://doi.org/10.1186/
$12873-018-0206-1

Batala Mpondo G, Bouanga M, Saya YMC et al (2014) Etude exploratoire de la sécurité routiere
a Brazzaville et a Pointe-Noire en République du Congo. Santé Publique 26:71-79. https://doi.
org/10.3917/spub.140.0071

Boonnithi S, Phongsuphap S (2011) Comparison of heart rate variability measures for mental stress
detection. In: Paper presented at the computing in cardiology, Hangzou, China, 18-21 Sept 2011

Brankovic A, Berretta D, Formentin S, et al (2015) Modeling and speed limitation control of
an electric kick scooter. In: Paper presented at the European control conference (ECC), Linz,
Austria, 15-17 Jul 2015

Burani E, Cabri G, Leoncini M (2022) An algorithm to predict e-bike power consumption based
on planned routes. Electronics 11:1105. https://doi.org/10.3390/electronics11071105

Carter EL, Neal-Sturgess CE (2009) MADYMO reconstruction of a real-world collision between a
vehicle and cyclist. Int J Crashworthiness 14:379-390. https://doi.org/10.1080/135882609028
23999

Corno M, Duz A, Savaresi SM (2022) Design of a charge-sustaining energy management system
for a free-floating electric shared bicycle. IEEE Trans Control Syst Technol 30:654—666. https://
doi.org/10.1109/TCST.2021.3071197

Corno M, Roselli F, Savaresi SM (2017) Bilateral control of SeNZA—a series hybrid electric
bicycle. IEEE Trans Control Syst Technol 25:864-874. https://doi.org/10.1109/TCST.2016.258
7243

Das S, Hossain A, Rahman MA et al (2024) Case study on the traffic collision patterns of e-scooter
riders. Transp Res Rec 2678:575-589. https://doi.org/10.1177/03611981231185770

Dharani P, Ganesh T, Gopinath V, Vali YS (2020) Smart safety helmet for bike riders using IoT. Int
Res J Multidiscip Tech 2:21-30. https://doi.org/10.34256/irjmt2044

European Commission (2020) Sustainable and smart mobility strategy-putting European transport
on track for the future. In: Preparatory documents. European Union law. Available via: EUR-
Lex. https://eur-lex.europa.eu/resource.html?uri=cellar:5¢601657-3b06-11eb-b27b-01aa75ed7
1a1.0001.02/DOC_1&format=PDF. Accessed 6 Jun 2025

Ewbank C, Gupta S, Stewart BT et al (2019) A systematic review of oil tanker truck disasters:
identifying prevention targets. Burns 45:905-913. https://doi.org/10.1016/j.burns.2018.12.010

Guanetti J, Formentin S, Corno M, Savaresi SM (2017) Optimal energy management in series hybrid
electric bicycles. Automatica 81:96—-106. https://doi.org/10.1016/j.automatica.2017.03.021

Haddon W (1972) A logical framework for categorizing highway safety phenomena and activity. J
Trauma 12:193-207. https://doi.org/10.1097/00005373-197203000-00002


https://doi.org/10.1186/s12873-018-0206-1
https://doi.org/10.1186/s12873-018-0206-1
https://doi.org/10.3917/spub.140.0071
https://doi.org/10.3917/spub.140.0071
https://doi.org/10.3390/electronics11071105
https://doi.org/10.1080/13588260902823999
https://doi.org/10.1080/13588260902823999
https://doi.org/10.1109/TCST.2021.3071197
https://doi.org/10.1109/TCST.2021.3071197
https://doi.org/10.1109/TCST.2016.2587243
https://doi.org/10.1109/TCST.2016.2587243
https://doi.org/10.1177/03611981231185770
https://doi.org/10.34256/irjmt2044
https://eur-lex.europa.eu/resource.html%3Furi%3Dcellar:5e601657-3b06-11eb-b27b-01aa75ed71a1.0001.02/DOC_1%26format%3DPDF
https://eur-lex.europa.eu/resource.html%3Furi%3Dcellar:5e601657-3b06-11eb-b27b-01aa75ed71a1.0001.02/DOC_1%26format%3DPDF
https://doi.org/10.1016/j.burns.2018.12.010
https://doi.org/10.1016/j.automatica.2017.03.021
https://doi.org/10.1097/00005373-197203000-00002

A Systematic Approach to Enhance Road Safety of Electric ... 127

Istat (2024) INCIDENTI STRADALI Anno 2023. In: Comunicato stampa. Istituto Nazionale di
Statistica. Available via Istat. https://www.istat.it/wp-content/uploads/2024/07/REPORT-INC
IDENTI-STRADALI-2023.pdf. Accessed 6 Jun 2025

Kapousizis G, Ulak MB, Geurs K et al (2023) A review of state-of-the-art bicycle technologies
affecting cycling safety: level of smartness and technology readiness. Transp Rev 43:430-452.
https://doi.org/10.1080/01441647.2022.2122625

Laverdet C, Malola P, Meyer T et al (2023) Electric personal mobility device driver behaviors,
their antecedents and consequences: a narrative review. J Saf Res 86:274-285. https://doi.org/
10.1016/.jsr.2023.07.006

Lee SB, Stone GC, Antonino-Daviu J et al (2020) Condition Monitoring of Industrial Electric
Machines: State of the Art and Future Challenges. IEEE Ind Electron Mag 14:158-167. https://
doi.org/10.1109/MIE.2020.3016138

Magaia VC, Pafieda XG, Garcia R et al (2021) Beside and behind the wheel: factors that influence
driving stress and driving behavior. Sustainability 13:4775. https://doi.org/10.3390/su13094775

Mathon B, Duarte Rocha V, Py J-B et al (2023) An air-filled bicycle helmet for mitigating traumatic
brain injury. Bioengineering 10:762. https://doi.org/10.3390/bioengineering 10070762

McNally DS, Rosenberg NM (2013) MADYMO simulation of children in cycle accidents: a novel
approach in risk assessment. Accid Anal Prev 59:469-478. https://doi.org/10.1016/j.aap.2013.
07.022

Ncube PZ, Cheteni P, Sindiyandiya KP (2016) Road accidents fatalities trends and safety
management in South Africa. Probl Perspect Manag 14:627-633

Niemann M, Braun KF, Otto E et al (2023) Dangers of e-mobility: a systematic review and meta-
analysis of sustained injury patterns and injury severity. Saf Sci 167:106283. https://doi.org/10.
1016/j.ss¢i.2023.106283

Niewiadomski W, Gasiorowska A, Krauss B et al (2007) Suppression of heart rate variability
after supramaximal exertion. Clin Physiol Funct Imaging 27:309-319. https://doi.org/10.1111/
j.1475-097X.2007.00753.x

Pallacci T, Baldanzini N, Barbani D et al (2019) Preliminary effectiveness assessment of an airbag-
based device for riders’ leg protection in side impacts. PSI 24:240-250. https://doi.org/10.1016/
j-prostr.2020.02.021

Ptak M, Wilhelm J, Sawicki M (2020) Safety analysis of children transported on bicycle-mounted
seat during traffic accidents. Int J Crashworthiness 25:612—627. https://doi.org/10.1080/135
88265.2019.1626967

Sadeghi-Bazargani H, Sadeghpour A, Wilson ML et al (2020) Developing a national integrated road
traffic injury registry system: a conceptual model for a multidisciplinary setting. J Multidiscip
Healthc 13:983-996. https://doi.org/10.2147/JMDH.S262555

Santos P et al (2020) Real time mental stress detection through breath analysis. In: Camarinha-Matos
L, Farhadi N, Lopes F, Pereira H (eds) Technological innovation for cyber-physical systems.
11th Advanced doctoral conference on computing, electrical and industrial systems, Costa de
Caparica, Portugal, 2020. IFIP advances in information and communication technology, vol
571. Springer, Cham, p 345

Siemens (2025) Simcenter Madymo software. https://www.siemens.com/global/en.html. Accessed
6 Jun 2025

Sun J, Li Z, Pan S et al (2018) Identification of pre-impact conditions of a cyclist involved in a
vehicle-bicycle accident using an optimized MADYMO reconstruction combined with motion
capture. J Forensic Leg Med 56:99-107. https://doi.org/10.1016/j.jim.2018.03.014

Sundet M, Mulima G, Kajombo C et al (2020) Adult pedestrian and cyclist injuries in Lilongwe,
Malawi: a cross-sectional study. Malawi Med J 32:197-204

U.S. Department of Transportation (2025) What is a safe system approach? https://www.transport
ation.gov. Accessed 6 Jun 2025

Vision Zero Network (2025) What is vision zero? https://visionzeronetwork.org/about/what-is-vis
ion-zero. Accessed 6 Jun 2025


https://www.istat.it/wp-content/uploads/2024/07/REPORT-INCIDENTI-STRADALI-2023.pdf
https://www.istat.it/wp-content/uploads/2024/07/REPORT-INCIDENTI-STRADALI-2023.pdf
https://doi.org/10.1080/01441647.2022.2122625
https://doi.org/10.1016/j.jsr.2023.07.006
https://doi.org/10.1016/j.jsr.2023.07.006
https://doi.org/10.1109/MIE.2020.3016138
https://doi.org/10.1109/MIE.2020.3016138
https://doi.org/10.3390/su13094775
https://doi.org/10.3390/bioengineering10070762
https://doi.org/10.1016/j.aap.2013.07.022
https://doi.org/10.1016/j.aap.2013.07.022
https://doi.org/10.1016/j.ssci.2023.106283
https://doi.org/10.1016/j.ssci.2023.106283
https://doi.org/10.1111/j.1475-097X.2007.00753.x
https://doi.org/10.1111/j.1475-097X.2007.00753.x
https://doi.org/10.1016/j.prostr.2020.02.021
https://doi.org/10.1016/j.prostr.2020.02.021
https://doi.org/10.1080/13588265.2019.1626967
https://doi.org/10.1080/13588265.2019.1626967
https://doi.org/10.2147/JMDH.S262555
https://www.siemens.com/global/en.html
https://doi.org/10.1016/j.jflm.2018.03.014
https://www.transportation.gov
https://www.transportation.gov
https://visionzeronetwork.org/about/what-is-vision-zero
https://visionzeronetwork.org/about/what-is-vision-zero

128 A. Raimondi et al.

Wallington D, Murray W, Darby P et al (2014) Work-related road safety: Case study of British
Telecommunications (BT). J Transp Policy 32:194-202. https://doi.org/10.1016/j.tranpol.2014.
01.002

World Health Organization (2024) Global status report on road safety 2023. https://www.who.int.
Accessed 6 Jun 2025

Yang Z, Wei Y, Sang J et al (2022) A comprehensive review of driving style evaluation approaches
and product designs applied to vehicle usage-based insurance. Sustainability 14:7705. https://
doi.org/10.3390/su14137705

Yang Z, Yang Z (2023) Key contributory factors influencing cycling safety: comprehensive review
based on accident data and literature survey. ASCE ASME J Risk Uncertain Eng Syst A Civ
Eng 9:04023018. https://doi.org/10.1061/AJRUA6.RUENG-1014

Zou X, Vu HL, Huang H (2020) Fifty years of accident analysis & prevention: a bibliometric
and scientometric overview. Accid Anal Prev 144:105568. https://doi.org/10.1016/j.aap.2020.
105568


https://doi.org/10.1016/j.tranpol.2014.01.002
https://doi.org/10.1016/j.tranpol.2014.01.002
https://www.who.int
https://doi.org/10.3390/su14137705
https://doi.org/10.3390/su14137705
https://doi.org/10.1061/AJRUA6.RUENG-1014
https://doi.org/10.1016/j.aap.2020.105568
https://doi.org/10.1016/j.aap.2020.105568

How Cities Transform When Slow )
and E-Mobility Shapes Urban Planning e
and Design

Aysegul Gungor and Nicola Petaccia

Abstract This study explores how cities can be transformed through the lens of
slow mobility, encompassing active and electric modes such as walking, cycling
and micromobility, made increasingly viable by the e-mobility revolution. It chal-
lenges traditional, car-centric urban design by analyzing how different mobility
modes occupy space and how this space can be reclaimed and redesigned through
slow mobility to improve public life. Following a methodology which is structured
around two main components, it conducts a spatial occupancy analysis that compares
slow and fast mobility in terms of movement and staying and develops spatial and
design strategies. The framework applied to Via Filippo Baldinucci in Milan as a
case study, where key urban locations such as school, library, park and public trans-
portation stops, were redesigned in terms of the relation with the public spaces by
supporting slow mobility. The results demonstrate that prioritizing slow mobility in
urban areas leads to significant qualitative improvements. This study offers a holistic
analytical and design approach to rethinking urban spaces which demonstrates that
slow mobility is an effective tool to make more inclusive, people-centered and livable
cities.

1 The Slow E-Mobility Revolution in Urban Planning
and Design

The rise and increasing visibility of the e-mobility concept helped the widespread
and awareness of the slow mobility concept. The e-mobility revolution is not only
transformed modes of transportation but also influenced the understanding of slow
mobility. Electric-assisted vehicles facilitated accessibility, even for people who do
not have experience on cycling and micromobility. This broadened the perception
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Fig. 1 Definition of the slow and fast mobility. Source Elaborated by the authors

of urban mobility and highlighted its benefits beyond transportation by including
health, environmental sustainability, public space design, preventing noise and air
pollution. In this context, the question of how slow mobility including slow mood of
e-mobility can transform cities is raised. This study focuses on the concept of slow
mobility which is also including elements of active mobility (e.g. bikes, scooters,
skateboards, people) and e-mobility (e.g. e-bikes and e-scooters), by examining the
impact on urban public design and spatial structure (Fig. 1).

Slow mobility includes walking, cycling and other human-powered micromobility
modes such as scooters, rollerblades and skateboards that have gained increasing
attention in recent years. (Fullagar et al. 2012; Pelgrims 2022; Munch 2024). This
category of mobility also extends to e-mobility which includes vehicles, particulary
micromobility, powered by electric motors and low-emission technologies (Eldeeb
and Tohlob 2022). Collectively, these forms are characterized by low environmental
impact and a more human-centered approach to urban movement. Today mobility
is not only considered as a technical or transportation issue, but it also stands at the
intersection of urgent global challenges which are including climate change, urban
inequality and the transformation of everyday life (Hickman and Banister 2007;
Chapman 2007; Anderton 2010; Willson 2012) and relevant social changes (Castles
2018). Mobility plays a central role in shaping the future of sustainable liveable
cities (Cervero et al. 2017). Slow mobility is directly connected to several United
Nations Sustainable Development Goals: Goal 3 (good health and well-being), Goal
7 (affordable and clean energy), Goal 9 (industry, innovation and infrastructure),
Goal 11 (sustainable cities and communities), and Goal 13 (climate action) (United
Nations 2016; Neun 2018). To align with these goals, cities must be equipped with
infrastructure which encourages slow mobility and supports a harmonious integration
into the urban life. However, despite this focus, many contemporary planning and
design studies on mobility remain broadly technical and often ignore the wider
spatial, social and environmental impacts of slow mobility. Especially the lens of
the design guidelines, while several of them such as the Swiss manual (Planning
Cycle Routes 2008) offer valuable tools for implementing cycle paths and related
infrastructure in terms of technical aspects, they often fail to address how mobility
shapes public space and everyday life. They should provide strategic visions which
help planners in terms of linking mobility infrastructure design with broader urban
policy objectives. In that manner, recent studies have begun to explore the relationship
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between sustainable mobility and urban design and planning by examining how
mobility is experienced in everyday urban contexts (Liang et al. 2022). Indeed,
studies on urban mobility help to understand the impact of mobility on the social and
environmental structures of cities (Gehl 2010; Jacobs 1961).

Beyond existing frameworks, this study aims to reveal that how mobility through
its spatial features shapes everyday life and contributes to the dynamics of urban
design. The study purposes to address gaps in existing research by focusing on the
relationship between slow mobility and public spaces by starting from the spatial
needs and dimensional assessment of vehicles and users for both movement and
staying activities in the urban environment and concluding spatial and design strate-
gies proposals. The study aims to discuss how slow mobility can transform the design
of public spaces and how slow mobility can shape the uses of place. These reflec-
tions aim to enrich the current debate by analyzing how planning, design and slow
mobility interact and support each other in shaping urban space.

Current urban design practices still often prioritize motorized transport systems
by limiting the potential for sustainable mobility and urban quality. Traditional urban
design has often disproportionately favoured cars by leading to unequal street usage
and contributing to traffic congestion, air pollution, noise and accidents (Gossling
et al. 2016). Car users are generally allocated significantly more space than users
of other modes, even though they often have shorter travel times (Sasidharan et al.
2023). Studies have shown that car users are allocated approximately 3.5 times more
space than non-car users which is including cyclists, scooter riders and pedestrians
(Creutzig et al. 2020). In this context, spatial allocation becomes a critical element
(Kemmer et al. 2022). Space, particularly in urban mobility, is not only a physical
dimension, but it also has public life meaning. From this perspective, mobility is not
merely a transportation concern but a spatial phenomenon which is linked to how
public space is occupied (Schonfeld and Bertolini 2017). This occupation of space
includes both areas dedicated to movement (e.g., cycle paths, sidewalks) and areas
for staying (e.g., car parks, squares, bicycle racks). Based on this, a distinction is
introduced between slow areas and fast areas which provides an analytical framework
to study urban public space. Basically, it investigates how public space is occupied by
different forms of mobility which are fast mobility such as cars and slow mobility such
as bicycles, walking and stationary needs as parking and engaged activities in public
space. Spatial dimensions and the geometric needs of different user groups were
measured in order to suggest design strategies and guidelines. The main objective
is to explore how the distribution of slow and fast areas influences urban quality,
mobility equity and access to collective services. Special attention is given to public
spaces that hold collective and symbolic significance such as schools, parks, railway
stations, cultural buildings, libraries and places of worship.

Case studies were selected to test and apply these insights. This paper presents
the Dergano neighbourhood, located in the northern part of Milan, as an example to
apply the framework. Initial results show that mobility habits are influencing how
urban spaces are used and designed.
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2 Material and Methods

This study investigates mobility mainly as a form of space occupation within urban
environments, in addition to being a means of movement. It focuses particularly
on slow mobility such as walking, cycling (e.g. traditional bikes, special bikes,
e-bikes) and micromobility (e.g. e-scooter, one wheel, hoverboard) and its poten-
tial to reshape and reclaim public urban spaces. The methodological framework is
structured around two core components, each selected for its contribution to under-
standing and improving spatial dynamics in the city. Two main components which
are following;

e Observing the Spatial Occupation of Slow and Fast Mobility: this step focuses
on how different types of mobility occupy urban space. By comparing slow and
fast mobility in terms of their spatial requirements during both movement (e.g.
sidewalks, bike lanes, roads) and staying (e.g. resting, socializing, parking), the
aim is quantifying how much public space is dedicated to each mode. This step is
creating a fundamental to identify differences in space allocation and to understand
what space can be reclaimed from fast mobility to be reallocated for slow forms.

e Identifying Strategies to Reclaim Public Space: reclaiming space from fast
mobility is not enough on its own. The reclaimed spaces should be qualitatively
enhanced for urban environments to become more liveable. Therefore, this step
focuses on spatial and design interventions which promote usability, comfort,
safety and inclusivity. This stage builds on spatial analysis to make them prac-
tical, context-sensitive solutions for transforming reclaimed space into quality
public environments.

These two steps provide both the analytical foundation which is how space is used
and the design direction which is how it can be improved.

2.1 Observing the Spatial Occupation of Slow and Fast
Mobility

This section of the research examines spatial occupation through three dimensions:
the vehicle or actor (people) itself, the space required during movement and staying.
These aspects provide a basis for understanding how different types of mobility
shape public spaces. The analysis begins by measuring how much space various
modes of mobility occupy and require within the urban environment. Slow mobility
is associated with active mobility and e-mobility such as people, bicycles and micro-
mobility vehicles, while fast mobility is represented by the average passenger car.
These categories are analyzed in terms of the space they occupy both in movement
and staying. Understanding the actual spatial footprint of mobility is essential for
evaluating its relationship with public space. Since urban areas are often dominated
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by fast mobility, recognizing the spatial implications of slow mobility is a key step
to create more liveable cities.

2.1.1 The Vehicle or Actor Itself: Space Needed for Vehicles or Actors

The first analytical step concerns the physical dimensions, forms and typologies of
the mobility units, namely vehicles and actors. For this study, mobility is categorized
into two groups according to their average spatial occupation;

e Slow mobility encompasses three subcategories: people as actors which are
including individual pedestrians and those with diverse mobility needs such as
a person with children, a person with a stroller and a person with a disability;
micromobility vehicles such as monowheels, hoverboards and scooters; bicycles
which are including traditional bicycles (e.g. kids bikes, bike sharing, classic
bikes, mountain bikes, racing bikes), special types (e.g. tandems, folding bikes,
recumbent bikes, handbikes), and cargo bikes (e.g. longtail bikes, cargo tricycle,
bucket bikes, commercial cargo); bike extensions such as trailers and tagalong
systems are considered.

e Fast mobility is represented in this analysis by the average passenger car which
serves as the dominant reference for high occupation mobility in urban contexts.

The comparative framework is based on the two-dimensional ground projection
of each unit for slow and fast mobility. The spatial occupation was calculated using
the following formula;

axb= c(occupation of mobility units mz)

where a and b reflect the average width and length of the considered mobility unit.
The resulting values ¢ indicates the mean surface area occupied (Fig. 2).

A comparative table was created to present the average spatial occupancy values
across categories within slow mobility (Table 1). The average spatial occupation of
a passenger car as a representative of fast mobility is approximately 9 m?.

2.1.2 During Movement: Space Needed for Circulation

The second analytical step focuses on how much space different types of mobility
need during movement with a focus on street design. It compares the space that
is used by slow mobility such as pedestrians, bicycles and micromobility vehicles
and fast mobility, mainly passenger cars in typical street layouts in this research. A
half-street section is used to make a comparison. This means only one side of the
street is analyzed. In this layout, a standard vehicle lane for fast mobility is set to
300 cm and is always repeated in the configurations. The rest of the street space is
given to slow mobility through different combinations of sidewalks, bike lanes and
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Fig. 2 Comparison of vehicle or actor occupation for slow and fast mobility. Slow mobility includes
people, micromobility and bicycle, while fast mobility represents average passenger cars. Source
Elaborated by the authors
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Table 1 Average spatial occupancy of vehicles and actor across categories within slow mobility

Mobility Category Type Occupation (c) [m?]

Slow mobility People One person 0.63
A person with children 1.08

A person with a disability 0.86

A person with a stroller 0.98

Micromobility and Monowheel 0.09
e-micromobility Hoverboard 0.15
Scooter 0.40

Bicycle, extensions Kids bikes 0.57
and e-bike Racing bikes 0.68
Classic bikes 1.15

Bike sharing 1.15

Mountain bikes 1.15

Folding bikes 0.75

Handbike 1.68

Recumbent bikes 1.68

Tandem 1.59

Longtail bikes 1.30

Cargo tricycle 1.95

Bucket bikes 1.95

Commercial cargo 2.70

Tagalong two wheel 0.68

Trailer open 0.84

Trailer close 0.96

micromobility lanes. The street sections are grouped into three main scenarios based
on which types of slow mobility they include (Table 2):

People Only

Configuration 1: Single vehicle lane; minimum sidewalk

Configuration 2: Single vehicle lane; average sidewalk
People, Micromobility and Bicycles
Configuration 1: Single vehicle lane; shared lane for micromobility and bicycles;

average sidewalk

Configuration 2: Single vehicle lane; separate micromobility lane; separate bicycle

lane; average sidewalk
People and Bicycles Only

Configuration 1: Single vehicle lane; two-way (dual) bicycle lane; average

sidewalk
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Table 2 Street section scenarios grouped by types of included slow mobility modes and their

configurations
Category Description Spatial representation [cm]
People only Configuration 1: single

vehicle lane; minimum
sidewalk

300 150
450
Configuration 2: single JE—
vehicle lane; average |
sidewalk ‘ i
.
\
300 250
550
People, micromobility and | Configuration 1: single N
bicycles vehicle lane; shared lane
for micromobility and ; ,J‘\
bicycles; average \Y
sidewalk I
&
300 150 250
700

(continued)



How Cities Transform When Slow and E-Mobility Shapes Urban ... 137

Table 2 (continued)

Category Description Spatial representation [cm]

Configuration 2: single
vehicle lane; separate

micromobility lane; A
separate bicycle lane;
average sidewalk |

300 100 150 250
800
People and bicycles only Configuration 1: single
vehicle lane; two-way 1
(dual) bicycle lane; an
average sidewalk T

300 250 250
800

Each of these configurations reveal that how movement space can be used in
different ways. Comparing these designs provides a clear picture of how urban streets
can be shaped to accommodate different life and usage scenarios.

2.1.3 During Staying: Space Needed Parking and Other Activities

The third analytical step focuses on how much space is required by different mobility
modes during the staying phase. This includes both people-centered activities such
as resting, socializing, eating or playing and vehicle parking needs. The aim is to
understand how public space is used in this phase and to explore opportunities to
reclaim the space currently dedicated to fast mobility in favor of more inclusive urban
environments through lens of the slow mobility.

The analysis is based on the spatial demands of fast mobility which is represented
by the average passenger car parking lot and makes a comparison with those of slow
mobility. Fast mobility modes even when stationary occupy significant space. To
illustrate, the spatial footprint of a standard passenger car parking space is approx-
imately 12.5 m?, based on typical dimensions of 250 cm in width and 500 cm
in length. This value is used as a baseline reference for further comparisons. In
contrast, slow mobility vehicles and people’s use of space during the staying phase
go beyond only pausing movement. These activities often take place more efficiently
in spaces that would otherwise be occupied by fast vehicles, contributing significantly
to urban livability. Elements such as benches, pocket parks, sidewalk extensions or
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small public squares support these functions and when supported by greenery, street
furniture, materials and colors greatly enhance the quality of the public realm. This
analysis aims to explore the potential uses and benefits of reclaiming a single car
parking space for more socially and environmentally valuable purposes. The analysis
addresses two main aspects to show alternative uses of a standard car parking space
(Table 3);

e People and the Use of Space: design examples demonstrate how space traditionally
allocated for car parking can be repurposed such as green and social areas with
trees and benches; small-scale play areas for children; outdoor seating for cafes
or food services.

e Parking Requirements; various bicycle and micromobility parking configurations
were analyzed to highlight spatial efficiency such as linear perpendicular bike
racks up to 10 bicycles, linear diagonal bike racks up to 8 bicycles, two-tier bike
racks up to 12 bicycles, covered or box bike racks up to 5 bicycles, micromobility
parking areas which are suitable for vehicles such as e-scooters, monowheels or
hoverboards.

These examples emphasize how a single car parking space can serve multiple
users when reallocated for slow mobility. This supports the broader argument for
reclaiming car-dominated urban areas in favor of more flexible, people-centered
public spaces.

2.2 Identifying Strategies to Reclaim Public Space

Following the analysis of spatial occupation by slow and fast mobility, this second
phase examines strategies to reclaim public space from fast mobility and improve its
quantitative and qualitative characteristics for liveability. The analysis is articulated
through three main sections:

e gpatial strategies: gaining space from fast mobility;
e design strategies: creating higher quality environments;
e living the spaces of slow mobility in key urban locations

A distinction is made between spatial and design strategies. This separation
reflects two related but distinct dimensions of reclaiming public space. Spatial strate-
gies focus on the geometric transformation of urban areas by reducing or reconfig-
uring spaces previously dominated by fast mobility by providing more space for slow
mobility. This step is concerned with reclaiming physical surface area for walking,
cycling and micromobility both at the moment of movement and staying. On the
other hand, design strategies reflect the qualitative enhancement of these reclaimed
spaces. Gaining space is not sufficient alone. They must be equipped with appropriate
materials, furniture, greenery, vegetation and elevation treatments. In this sense, the
methodological framework combines quantitative spatial reallocation to qualitative
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Table 3 Alternative uses of a standard car parking space

Category Description Spatial representation [cm]

People Green and social areas

Small-scale play areas for children

—250
Outdoor seating for cafes or food services
il
i=3
(=3
7 w
250
Parking requirements | Linear perpendicular bike racksupto 10 | ...
bicycles | e—a
3 >—s
| S
*—e o
| [}
e
‘
| e—
‘
250

(continued)



140 A. Gungor and N. Petaccia

Table 3 (continued)

Category Description Spatial representation [cm]

Linear diagonal bike racks up to 8
bicycles

JA5
500

Two-tier bike racks up to 12 bicycles

U
500

Covered or box bike racks up to 5 I
bicycles |

500

250

Micromobility parking areas

500

250

spatial improvement. First, occupied space is physically reclaimed, then it is designed
by supporting everyday activities, promotes safety and responds to the diverse needs
of urban users. The combined application of these two strategies to selected key urban
locations not only initiates but also completes the process of public space reclaiming.
Building on this objective, the third stage of the analysis concretizes the strategies
in the context of specific urban functions and user needs.



How Cities Transform When Slow and E-Mobility Shapes Urban ... 141
2.2.1 Spatial Strategies: Gaining Space from Fast Mobility

The initial phase of interventions focuses on spatial strategies that quantitatively
transform urban space by physically reducing the dominance of fast mobility and
reallocating the reclaimed surface area to slow mobility. These spatial strategies
involve two approaches:

e Reduction: this includes narrowing vehicle lanes by eliminating on-street parking
or some lanes and reallocating the space to pedestrians, cyclists and micromobility
users.

e Reconfiguration: modifying street geometry through techniques such as curb
extensions, pinch points and shared streets (e.g., woonerfs) which reduce vehicular
priority and promote slower and more inclusive mobility.

2.2.2 Design Strategies: Creating Higher Quality Environments

Following the spatial strategies, design strategies focus on the qualitative improve-
ment of these spaces to enhance usability, comfort, safety and inclusivity. Key
components include:

e Urban Furniture: the integration of benches, play equipment, bike racks and other
elements which support resting, socializing, playing, eating and parking needs.

e Greenery: integrating green such as trees, planting beds and depaved areas to
enhance microclimate, biodiversity and aesthetic quality.

e Material and Colors: applying differentiated surface materials and colors to
identify functions such as walking and cycling paths by improving safety and
orientation.

e Elevation Treatments: utilizing raised pedestrian crossings and level surfaces to
slow down fast vehicles and facilitate barrier-free and accessible movement for
all users.

These design interventions contribute to transforming reclaimed spaces into
vibrant, inviting and multifunctional public areas.

2.2.3 Living the Spaces of Slow Mobility in Key Urban Locations

This final phase, based on spatial occupation analysis and spatial and design strate-
gies, focuses on how reclaimed urban spaces are experienced and shaped by slow
mobility in everyday urban life. While previous sections quantified the space occu-
pied by different forms of mobility and proposed ways to reclaim and improve these
spaces, this part shifts its focus to real world applications of these principles. It exam-
ines how spatial and design interventions interact with specific urban functions by
responding to diverse rhythms and users. The process of reclaiming space from lens
of slow mobility is not a single solution. Public space transformation must be context
sensitive by reflecting the diverse spatial, social and infrastructural functions of the
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urban fabric (Gehl 2011). To illustrate this, four key dimensions of urban space are
introduced to understand the key urban locations. Each of them addresses different
needs and user profiles within the framework of slow mobility:

e Daily Activity Dimension: these are spaces where daily routines occur such as
schools, parks, supermarkets and sports centers. These environments are typically
located in residential or mixed-use areas where people can arrive on foot, by
bike or using micromobility. Here, spatial strategies are considered, especially in
conjunction with the daily rhythm and taking into account the user profile such
as children, families and the elderly.

e Social Dimension: this category includes museums, cultural centers, theaters and
worship places that host both formal events and informal gatherings specific time
and days. Spatial interventions are considered to meet the needs of gathering and
density at certain hours.

e Civil Dimension: buildings such as libraries, municipal offices and public service
centers serve a wide range of users including students, employees, and the elderly.

e Infrastructure Dimension: transportation nodes such as bus stops, train stations
and metro stations represent interfaces between slow and fast mobility.

3 Results

The methodology was applied to a selected site in Milan, 250 m section of Via Filippo
Baldinucci. Street segment located in the Dergano district of northern Milan. This
area is mixed-use residential area and far from Milan’s main core. Six key urban
locations which include a school, library, public offices, park, transportation stop
and supermarket are located along the street. These key urban locations shape the
social and cultural life of the street. Firstly, the existing situation of the street segment
is analyzed. Initial research revealed that several issues affecting accessibility, safety
and the daily and community-oriented functions of the area. These included insuffi-
cient space and visibility in front of the school, car parking cutting across the slow
mobility area, bus stops and bike racks obstructing pedestrian flow, intersections
do not prioritize pedestrians, squares dominated by cars in front of the library and
supermarket and public areas lacking comfort, greenery and legibility. The spatial
distribution of mobility was nearly balanced, with slow mobility occupying 51% of
the street and fast mobility 49% (Fig. 3).

To address these problems, a series of targeted spatial and design strategies were
implemented which are reduction of car parking, repositioning of bus stops and
bike racks, reconfiguration of intersections, creation of new civic and commercial
squares and enhancements to public areas including urban furniture, greenery, raised
crossings and differentiated materials and colors. As a result of these interventions,
the spatial distribution of mobility shifted significantly, with slow mobility increasing
to 80% and fast mobility decreasing to 20%. (Fig. 4).
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Fig. 3 Allocation of current slow and fast mobility. Source Elaborated by the authors
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Fig. 4 Allocation of mobility after targeted interventions by reflecting spatial and design strategies.
Source Elaborated by the authors)

Qualitative benefits include safer and more visible school access, improved pedes-
trian and micromobility flow, enhanced civic identity of the library and public office,
revitalized supermarket square and the creation of a continuous network linking all
six key urban locations. These outcomes collectively enhance the liveability, inclu-
siveness and people-oriented potential of public space in this section of Via Filippo
Baldinucci (Table 4).

Overall, the interventions demonstrate that targeted spatial and design strategies
tailored to the needs of key locations have yielded both quantitative and qualitative
improvements. Slow mobility increased from 51 to 80%, while safer school access,
improved pedestrian flow and revitalized public spaces have strengthened the street’s
liveability, inclusiveness and people-oriented character.



144 A. Gungor and N. Petaccia

Table 4 Identified problems, applied spatial and design strategies, and resulting outcomes

Problem identified Strategy applied Outcome
Insufficient space and visibility | Spatial strategies: Safer and more visible school
in front of the school * reconfiguration; removing | access; improved pedestrian
on street parking (pinch experience
point)

Design strategies:

e urban furniture: bike racks

egreenery: trees

¢ material and colors:
colored in front of the
school pavement

* elevation treatment: raised
pedestrian crossing

Car parking cutting across slow | Spatial strategies: Slow mobility space expanded
mobility area ereduction: removing car and made uninterrupted
parking lots

Design strategies:

eurban furniture: benches
and play furniture
egreenery: trees and bushes

Bus stops and e-bike racks Spatial strategies: Improved slow mobility flow
obstructing pedestrian flow ereconfiguration: removing
on-street parking (pinch
point). Repositioning of bus
stops and bike racks on this

area
Intersections not prioritizing Spatial strategies: Continuous slow mobility
pedestrians ereconfiguration: curb network
extensions Safer and more visible
Design Strategies: pedestrian crossing

ematerial and colors: colored
pedestrian crossing
eclevation treatments: raised
pedestrian crossing

Squares in front of library and | Spatial strategies: Revitalized public squares;

supermarket dominated by cars | sreduction: removing car enhanced civic identity of
parking lots library and public office; more
Design Strategies: inviting commercial spaces

eurban furniture: benches,

play furniture, bike racks

* greenery: trees, bushes and
grass

¢ material and colors:
different pedestrian paving
for square
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4 Conclusion

This study demonstrates that analyzing mobility through the lens of spatial occu-
pation reveals great opportunities to reclaim and transform public spaces through
slow mobility. By adopting a two-step methodological framework, the first quan-
tifies the spatial needs of slow and fast mobility, while the second applies spatial
and design strategies to reallocate and develop urban space. The research offers both
analytical and practical recommendations. Spatial occupation analysis has shown
that fast mobility occupies a large portion of public space, particularly during “stay-
ing” phases such as parking. In contrast, slow mobility which encompasses walking,
cycling and micromobility, particulary slow e-mobillity, offers significant spatial
efficiency by taking up less space. This is an important element to reclaim spaces
for public life. The empirical application of this framework to Milan, Via Filippo
Baldinucci demonstrates the transformative potential of slow mobility. The integra-
tion of design strategies such as greenery, street furniture, differentiated materials
and colors and elevation treatments into the spatial strategies has led to measur-
able changes. For example, in the case study, the increase in slow mobility from
51 to 80% not only supply more spaces but also increased the quality of the urban
spaces. Through this dual approach which is combining data and design, the study
contributes to current discussions on car-dependent cities by highlighting how slow
mobility practices shape urban spaces. Finally, while many existing studies focus on
producing technical guidelines for mobility solutions, this research aim goes beyond
an only technical exercise by integrating spatial and design strategies with the key
urban locations which respond to everyday urban life.
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Sustainable Logistics: The Impact )
of e-Bikes in Last Mile Delivery e

Paolo Beatrici, Francesca Maggioni, Sebastian Birolini, and Paolo Malighetti

Abstract In recent years, urban freight distribution has been deeply reshaped by
rapid urbanization, the exponential growth of e-commerce, and evolving consumer
expectations. The Last Mile (LM) segment, widely recognized as the most costly
and inefficient part of the supply chain, presents critical challenges in terms of
cost-effectiveness, operational efficiency, and environmental sustainability. One
promising solution involves the integration of light and electric vehicles, particu-
larly electric cargo bikes, into urban delivery fleets. This chapter provides a review
of the literature on sustainable and light urban mobility, with a specific emphasis
on modeling the use of electric cargo bikes in the context of Vehicle Routing Prob-
lems (VRPs) and Fleet Size and Mix VRPs (FSMVRPs) applied to Last Mile logis-
tics. Given the inherent uncertainties in these operations, such as variable customer
demand, travel and service times, and energy consumption, special attention is given
to stochastic optimization approaches. The chapter concludes by highlighting key
gaps in the literature and proposing directions for future research.

1 Introduction

The evolution of urban logistics has been profoundly influenced by the rapid pace
of urbanization, the widespread adoption of e-commerce, and the growing societal
emphasis on sustainability. The increasing volume of online orders has led to a
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significant expansion in urban transport operations (Shahmohammadi et al. 2020),
which, combined with the dominant reliance on Conventional Vehicles (CVs), has
contributed to a range of urban challenges, including traffic congestion, greenhouse
gas emissions, and both air and noise pollution. As the Last Mile (LM) is widely
acknowledged as one of the most complex and least efficient segments of the supply
chain (Mohammad et al. 2023), logistics providers are under mounting pressure
to rethink their delivery strategies in order to mitigate environmental impacts and
contribute to more livable urban environments.

One particularly promising approach involves the integration of Light Freight
Vehicles (LFVs) into urban delivery fleets. LFVs offer the potential to reduce emis-
sions and ease traffic congestion while maintaining high standards of delivery effi-
ciency. Among these, Cargo Bikes (CBs) and Electric Cargo Bikes (ECBs) have
emerged as especially viable alternatives. According to Wrighton and Reiter (2016),
up to 51% of commercial and private motorized trips in urban areas could feasibly be
replaced by cargo bikes, underscoring their capacity to balance operational perfor-
mance with environmental benefits (Blazejewski et al. 2020). Additionally, a study
conducted in Nocerino et al. (2016) demonstrates that the deployment of an elec-
tric fleet, despite slightly higher salary costs, achieves nearly identical overall costs
while drastically reducing both energy expenditures and CO, emissions, thereby
confirming ECBs as a viable and sustainable alternative for Last Mile delivery
operations in urban areas.

The field of Operations Research has actively contributed to the advancement of
sustainable LM delivery, promoting the incorporation of environmental objectives
across various stages of the distribution process. In this context, numerous opti-
mization and simulation models have been developed to address the complexities of
light and sustainable urban mobility, frequently through the formulation of Vehicle
Routing Problems (VRPs) and their many variants.

The purpose of this article is to review the contributions from the Operations
Research literature related to light and sustainable mobility, with a specific focus
on the role of light vehicles, particularly electric cargo bikes, in VRP variants. The
reviewed literature is categorized along the following dimensions:

e Fleet structure: distinguishing between studies that assume a fixed delivery fleet
and those that also consider tactical decisions regarding fleet size and composition;

¢ Integration of ECBs: differentiating works based on whether or not electric cargo
bikes are included in the delivery fleet.

Furthermore, given the multiple sources of uncertainty that characterize urban
LM logistics, such as demand variability, travel times, and service durations, this
review also examines stochastic optimization approaches that have been proposed in
this context.

The chapter is structured as follows: Sect. 2 outlines the key modeling features
of VRP and its main variants as applied to sustainable urban logistics. Section 3
presents a state-of-the-art literature review on sustainable LM delivery, with partic-
ular attention to the role of ECBs. Finally, Sect. 4 summarizes the main findings and
outlines potential directions for future research.
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2 Modeling Features of Sustainable Last-Mile Delivery
Problems

This section presents the main modeling features associated with sustainable LM
delivery problems. In the field of Operations Research, these problems are typically
formulated as VRPs or one of their many variants. We identify two principal modeling
approaches used to assess the impact of LFVs and ECBs on LM logistics. Figures 1
and 2 illustrate examples of delivery networks based on these two approaches.

In the first approach, a fixed fleet of homogeneous or heterogeneous vehicles
is stationed at a central distribution center. Routing decisions are made during the
operational phase to optimize delivery routes for the available vehicles (see Fig. 1).

Fig.1 Example of a LM delivery network with one central depot (orange square) and eight
customers (black nodes). A fixed fleet comprising three heterogeneous vehicles (one CV and two
ECBs) is based at the depot. Routing plans are developed to assign delivery routes to each vehicle

I o o

(1)

EBDED o do
b B fodo
ERED $o $o
ERED 8 So

Fig. 2 Example of a LM delivery network with one central depot (orange square) and eight
customers (black nodes). In the tactical phase (1), the fleet configuration (e.g., one CV and two ECBs)
is determined based on factors such as customer demand or delivery volume. In the subsequent
operational phase (2), routing decisions are made for the selected fleet
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This modeling framework forms the basis of classical VRPs and several well-
known variants, such as the Heterogeneous VRP (HVRP), the Green VRP (GVRP),
and the Two-echelon VRP (2eVRP).

The second approach involves making tactical decisions regarding the size and
composition of the fleet prior to the operational phase (see Fig. 2). This framework
is central to the Fleet Size and Mix VRP (FSMVRP).

We now introduce the common notation to VRPs and their variants (see Kog et al.
2016): let G = {Z, A} be a complete graph, where Z = {0, ..., N} is the set of
nodes and A = {(i,j) : 0 <i,j < N,i #j} is the set of arcs. Node O represents
the starting depot and N the ending depot (possibly a duplicate of 0). The distance
between nodes i and j is denoted by d;;. The customers set is Zo y = Z\{0, N}. Each
customer i € Zy v has a non-negative demand d;. Sets Zy and Zy denote 7\ {0} and
I\{N}, respectively. Let P = {1, ..., P} denote the set of available vehicle types.
Each vehicle type p € P has a load capacity /,, a cost c,, and traversal cost c;j,.
Binary decision variables x;;, indicate whether arc (i, j) is used by a vehicle of type
p- The objective is to satisfy customer demand while minimizing total delivery costs,
ensuring that vehicle capacities are not exceeded.

We now outline the distinguishing characteristics of each VRP variant considered
in this review.

Heterogeneous Vehicle Routing Problem (HVRP) HVRPs involve a fixed fleet
with a predetermined size and composition. The objective function is given by:

Z Z CpXojp + Z Z Z CijpXijps (2.1)

peP jel PEP i€ly jey

where the first term represents the fixed cost of deploying vehicle of type p, and
the second term captures the routing cost. A fleet size constraint is imposed using
parameter /m,, as follows:

Zxoj,, <m,, peP. (2.2)
Jj€Zo

Green Vehicle Routing Problem (GVRP) GVRPs extend VRPs by integrating
environmental metrics (e.g., greenhouse gas emissions, noise, and air pollution) into
the objective function. While the basic structure mirrors (2.1), these models often
include multi-objective criteria or uncertainty modeling. For a detailed taxonomy,
we refer to Moghdani et al. (2021).

Fleet Size and Mix VRP (FSMVRP) In the FSMVRP, both fleet sizing and routing
decisions are made concurrently. Here, ¢, reflects the acquisition cost of vehicles
rather than a fixed ownership cost. Constraints on the number of vehicles (2.2) are
omitted, as the fleet is to be determined within the model.

Two-Echelon VRP (2eVRP) The 2eVRP involves a two-tier distribution system:
goods are transported from a central depot to satellite depots, from which smaller
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vehicles (e.g., ECBs) complete the final delivery leg. This hierarchical struc-
ture supports sustainable vehicle usage in the second echelon. For comprehensive
formulations, see Perboli et al. (2011).

2.1 Additional Features in Sustainable LM Delivery

Beyond standard VRP constraints (e.g., customer visits, capacity limits, subtour
elimination, see Toth and Vigo 2014), specific constraints related to LFVs and ECBs
must be considered:

Time Windows Time-sensitive deliveries are essential in LM logistics, especially
when using LFVs and ECBs, which often operate at lower speeds than conventional
vehicles. To account for delivery timing requirements, each customer node i is asso-
ciated with a service duration s; and a time window [a;, b;], within which service
must start.

Let 7; denote the service start time at node i and #;;, the travel time between nodes
i and j for a vehicle of type p. The time window constraints can be expressed as:

a; <1 < b,‘, i€ I(),N. (23)

To ensure temporal consistency between consecutive visits, the following
constraint enforces that the service at node j starts only after completing travel and
service at node i

T + (typ + 8:)x — bo(1 — xip) < 7, i € Lo, j € Iy\li},p € P. (2.4)

Recharging Operations ECBs, like other electric vehicles, have limited battery
capacity, which constrains their operational range. To ensure continuity of service,
delivery routes must incorporate the possibility of recharging stops.

Let F be the set of charging stations, and F” a set of replicated nodes allowing
multiple visits to the same station.

Each vehicle type p € P is defined by its battery capacity e,, energy consumption
rate r,,, and recharging time g,. Let y;, represent the battery level of a vehicle of
type p at node i. Battery constraints ensure that vehicles do not exceed their energy
capacity.

Two formulations are typically used, depending on the nature of the departure
node:

e From regular customer or transit nodes:

0<yp <vyip— (rpdij)x,-jp + ep(l - x,-jp), ielyn,jeToUFon\li},peP.
(2.5)
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The term e, (1 — x;,) allows the constraint to remain valid even when arc (i, j) is
not used.

e From recharging stations:
0< Yip = Vip — (rpd,j)x,-jp, i e fl/\”-] eTyU f()Jv/\{l'},p eP. (26)

In this case, the arc is assumed to be active, so the relaxation term is omitted.
Initial battery level at the depot is set to full capacity:

Yop =¢€p, D eP. (27)

To incorporate recharging time into the time constraints, the following condition
adjusts the schedule accordingly:

T+ tipXip + 8p(€p — Yip) —(bo + gpep) (1 = xip) < 7,
ieFonl,jeIoUFon'\{i},p €P. (2.8)

Finally, constraint (2.4) is modified when arc (i, j) originates from a recharging
station:

T + (tijp + s,-)x,-jp — b()(] — x,-jp) =71, i€ Ist elyuU quN/\{l'},p eP. (2.9

Sources of Uncertainty in LM Delivery Another critical aspect affecting the perfor-
mance of LM delivery systems is the presence of various sources of uncertainty across
key operational parameters:

e Customer demand: the actual quantity of goods to be delivered may deviate from
forecasts, making it difficult to allocate the appropriate fleet size. This can lead to
unfulfilled deliveries and necessitate costly returns to the depot for restocking.

e Customer location: in some circumstances, delivery addresses may only be
disclosed at the start of or during operations. This lack of prior knowledge can
challenge route planning, especially when vehicle capacity or range is limited. In
such cases, fallback strategies like split deliveries or outsourcing to third-party
providers may be necessary.

e FEnergy consumption: the energy usage of electric vehicles, including ECBs, is
affected by multiple external factors such as weather conditions, terrain, and
payload. These fluctuations may reduce the effective range of the vehicle and
necessitate additional charging stops mid-route (Bezzi et al. 2023, Spinelli et al.
2026)

To manage these challenges, stochastic and robust optimization techniques
provide a framework capable of delivering solutions that perform well across a range
of uncertainty realizations or scenarios (see e.g. Birge and Louveaux 2011; King and
Wallace 2012). Nevertheless, as will be discussed in Sect. 3, its application in the
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context of sustainable LM logistics is still relatively underexplored, highlighting
promising directions for future research.

3 Sustainable Last Mile Delivery Problems

This section reviews contributions from the Operations Research literature
concerning the integration of LFVs and ECBs in urban logistics systems. The
reviewed studies are organized into three categories:

e Section 3.1 covers VRP variants assuming a fixed fleet, where only operational
routing decisions are taken.

e Section 3.2 focuses on VRP variants that also consider tactical decisions regarding
fleet size and composition, typically modeled as FSMVRPs.

e Section 3.3 specifically examines the role of ECBs in sustainable LM delivery.

At the end of each subsection, we briefly summarize the solution methods
employed. While a comprehensive methodological review is beyond the scope of
this article, we indicate whether exact or heuristic approaches are used and mention
the main techniques adopted.

Table 1 provides an overview of all referenced works. It includes the modeling
approach (optimization or simulation), fleet characteristics (e.g., fixed, heteroge-
neous, use of ECBs), problem type, presence of uncertainty, and the solution method
adopted (exact, heuristic and type of algorithm).

3.1 Sustainable LM Delivery Problems with Fixed Fleet

A significant number of studies have focused on operational routing decisions under
the assumption of a fixed vehicle fleet, typically within a deterministic framework,
as summarized in Table 1.

The role of LFVs, such as small electric vehicles, is addressed in Schneider et al.
(2014), where a homogeneous fleet is used to provide green delivery services with
time window constraints. Two-level distribution systems combining LFVs and CVs
are examined in Anderluh et al. (2017), which introduces a 2eVRP with temporal and
spatial synchronization between vans and cargo bikes. A similar modeling approach
is found in Miihlbauer and Fontaine (2021), who consider asymmetric distances
for cargo cycles. Additional 2eVRP extensions include the use of parcel lockers in
Enthoven et al. (2020), and the integration of electric vehicles with battery swapping
stations in Jie et al. (2019).

Mixed-fleet routing is also explored in Cirovié et al. (2014), where a GVRP is
proposed to support sustainable urban deliveries using both CVs and LFVs. Goeke
and Schneider (2015) address similar concerns, optimizing operations for a mixed
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fleet under time window constraints. Hiermann et al. (2019) further expand on this
by considering a heterogeneous fleet consisting of conventional, plug-in hybrid, and
electric vehicles, while also accounting for vehicle recharging operations.

The majority of these contributions adopt a deterministic framework. However,
uncertainty, such as fluctuating demand or variable travel times, can undermine
the reliability of such solutions. Among the reviewed works, only Achamrah and
Puchinger (2024) explicitly incorporate stochasticity, proposing a 2eVRP with uncer-
tain customer demand in a setting involving transshipment operations and time
windows.

Solution Methods As shown in Table 1, heuristic approaches dominate due to the
computational intractability of exact methods in large-scale VRPs. For example,
Jie et al. (2019) implement a hybrid method combining column generation (CG)
with Adaptive Large Neighborhood Search (ALNS), while Anderluh et al. (2017)
use a Greedy Randomize Adaptive Search Procedure (GRASP) combined with path
relinking.

ALNS is also applied in Goeke and Schneider (2015), enhanced with local search,
and in Enthoven et al. (2020), where specialized destroy operators are tailored to the
hierarchical nature of the 2eVRP. Additional local search heuristics include Vari-
able Neighborhood Search (VNS), (see Schneider et al. 2014), Large Neighborhood
Search (LNS), (see Anderluh et al. 2021), Parallelized Large Neighborhood Search
(PLNS) (see Miihlbauer and Fontaine 2021), and Local Large Neighborhood Search
(LLNS), (see Hiermann et al. 2019). All of these approaches rely on problem-specific
destroy-and-repair mechanisms.

Cirovié et al. (2014) implement Simulated Annealing (SA) to train an adaptive
neural network that supports routing decisions. Finally, for the stochastic model in
Achamrah and Puchinger (2024), a gradient-descent-based heuristic is developed,
where the ADAM optimization algorithm is employed.

3.2 Fleet Size and Mix Problems in Sustainable LM Delivery

Several studies have investigated how fleet sizing and composition influence
the efficiency and environmental performance of LM delivery services and are
predominantly addressed under a deterministic framework.

One of the early contributions is Hiermann et al. (2016), who propose an FSMVRP
involving electric vehicles with time window constraints. Their model also incorpo-
rates decisions about charging station placement and vehicle recharging operations.
Similar considerations are addressed by Wang and Zhao (2023), who propose a
partial linear recharging strategy within a comparable FSMVRP framework. Rezgui
et al. (2019) also tackle a time-constrained FSMVRP, introducing modular electric
components for LFVs as a sustainable alternative in urban delivery. In Al-dal’ain and
Celebi (2021), electric technologies are explored further: an FSMVRP is formulated
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using a replacement model to assess optimal planning for mixed fleets composed of
CVs and electric LFVs.

While deterministic formulations remain the most common, stochastic optimiza-
tion offers a powerful framework to account for real-world uncertainties. Nonethe-
less, only a few studies have adopted this approach. Notably, Malladi et al. (2022)
address an FSMVRP with uncertain delivery requests and customer demand. In their
model, fleet size and composition are determined tactically, while operational deci-
sions are made without full knowledge of future demand. To manage the risk of
unserved requests, the model includes the option to outsource deliveries to external
providers.

Solution Methods Similar to the fixed-fleet problems discussed in Sect. 3.1,
FSMVRPs are predominantly solved using heuristic methods. For example, VNS
is applied in Rezgui et al. (2019), while Wang and Zhao (2023) adopt LNS to solve
their FSMVRP under time window and recharging constraints.

Several hybrid heuristics have also been developed. Hiermann et al. (2016)
combine ALNS with an exact Branch-and-Price (B&P) method, while Malladi et al.
(2022) integrate ALNS with a Sample Average Approximation (SAA) technique to
address demand uncertainty.

Only a limited number of exact methods have been proposed. Al-dal’ain and
Celebi (2021) introduce a replacement-based MILP model to evaluate different fleet
configurations and routing plans, solving small-to-moderate instances exactly.

3.3 Electric Cargo Bikes in LM Delivery

Among Light Freight Vehicles, ECBs represent a particularly promising solution for
enhancing the sustainability of LM logistics, as demonstrated by a growing body of
literature summarized in Table 1.

A number of simulation-based studies have investigated the potential of ECBs
to improve delivery efficiency while mitigating the negative externalities of urban
freight transport. Melo and Baptista (2017) evaluate the impact of ECBs on urban
mobility, environmental quality, and overall delivery performance. Fikar et al. (2018)
emphasize the importance of fleet sizing, showing that a sufficient number of
ECBs can ensure timely and sustainable deliveries. Zhang et al. (2018) highlight
the economic and environmental benefits of ECB adoption, especially in terms of
reduced delivery costs and improved quality of life. Llorca and Moeckel (2021)
further demonstrate that ECBs can contribute significantly to the reduction of air and
noise pollution in dense urban areas. Dalla Chiara et al. (2020) also explore these
benefits, focusing in particular on how ECBs can reduce parking time and improve
delivery punctuality.

While simulation studies underline the strategic value of ECBs, only a limited
number of contributions propose optimization models that directly incorporate ECBs
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into LM delivery planning. Choubassi et al. (2016) investigate the substitution of
conventional vehicles with cargo cycles in a real-world VRP for mail distribution.
Anderluh et al. (2021) develop a multi-objective 2e VRP with vehicle synchronization
to address accessibility constraints in dense urban centers, explicitly considering
emissions and noise alongside economic criteria. Caggiani et al. (2021) propose a
2eVRP model that includes time windows, partial recharging operations, and ECB-
based deliveries. Fontaine (2022) addresses the effect of payload-dependent travel
times for ECBs, showing that neglecting load-dependency can lead to time window
violations in urban routes.

As with the broader class of LM delivery problems, most studies involving ECBs
adopt a deterministic framework. As for stochastic optimization approaches, indeed,
to the best of our knowledge only in Beatrici et al. (2025) propose a stochastic
FSMVRP with consistent routing, in which routes are designed during the tactical
phase and then adjusted in the operational phase based on the realization of uncer-
tain customer demand. Their real-world case study demonstrates that including
ECBs in the fleet increases the flexibility and adaptability of routing strategies under
uncertainty.

Solution Methods In line with findings from Sects. 3.1 and 3.2, heuristic methods
dominate in solving ECB-related LM optimization problems. Heuristics such as LNS
(Anderluh et al. 2021), ALNS (Fontaine 2022), and the Ruin and Recreate Principle
(RRP), (see Choubassi et al. 2016) are commonly employed to handle the complexity
of these problems.

Exact methods remain relatively rare, but notable examples include the MILP
proposed by Caggiani et al. (2021) to solve small 2e VRP instances. Beatrici et al.
(2025) also propose an exact solution method for synthetic instances, and develop a
path-based reformulation combined with a Kernel Search Based Heuristic (KSBH)
to address larger, real-world cases.

4 Conclusions and Future Research

Sustainable LM logistics is an increasingly important area of research in Operations
Research, particularly due to the need to reduce the environmental and social impacts
of freight transport in urban areas. In this context, LFVs and, more specifically, ECBs,
represent valuable alternatives to conventional vehicles, offering a practical means
to reduce emissions, alleviate congestion, and improve the quality of life in cities.

This review has shown that LFVs and ECBs can ensure service reliability while
contributing to a cleaner and more accessible urban environment. Their operational
flexibility makes them particularly suited for navigating dense urban centers and
responding to the constraints of modern e-commerce-driven logistics.

A number of future research directions emerge:
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e Optimizing the deployment of ECBs: while simulation studies have demonstrated
the benefits of ECBs in urban logistics, few optimization models explicitly incor-
porate their operational constraints, such as limited range, payload capacity, and
recharging requirements. Future research should develop integrated optimization
frameworks that accurately model these aspects and assess how ECBs can be
effectively deployed within multi-vehicle, multi-echelon delivery systems.

e [mproving exact methods: heuristic and metaheuristic methods dominate the solu-
tion landscape due to the complexity of the problems involved. However, more
attention should be given to exact and hybrid approaches, particularly for small-
and medium- scale instances where accurate solutions are required, such as in
policy design or infrastructure planning.

e [ncorporating uncertainty: although the relevance of uncertainty in urban logis-
tics is widely recognized, relatively few studies address it explicitly. Future work
should expand the use of stochastic, robust, and distributionally robust optimiza-
tion to model uncertainty in demand, travel time, energy consumption, and other
key parameters affecting light mobility (see Maggioni et al. 2017; Perboli et al.
2017, Filippi et al. 2025).

® Dynamic and data-driven approaches: real-time data availability from urban IoT
infrastructures and connected vehicles offers the opportunity to move from static to
dynamic routing models, where decisions are continuously adapted based on live
data. This direction, combined with machine learning techniques for demand fore-
casting and parameter estimation, could significantly improve the responsiveness
of LM systems using light vehicles.

o System-level integration and policy implications: light mobility should not be
viewed in isolation, but as part of a multimodal urban transport ecosystem.
Future research could explore the integration of ECBs with public transport,
parcel lockers, and urban consolidation centers. Moreover, models should increas-
ingly support policy design, helping municipalities evaluate regulatory incen-
tives, infrastructure investments, and zoning restrictions to foster the adoption of
sustainable delivery modes.

In summary, LM offers tangible opportunities to achieve more sustainable and
resilient urban logistics. Bridging the current modeling gaps, particularly in the treat-
ment of uncertainty, dynamic decision-making, and policy-oriented design, will be
essential to unlocking the full potential of LFVs and ECBs in future smart cities.
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Rossella Moscarelli

Abstract The chapter discusses a collection of case studies on cycle paths incorpo-
rating EVSE technologies. The aim is to analyse the installation process of EVSE
services in different European contexts, focusing on the location, goals and imple-
mentation process of the projects, as well as the private or public actors involved. The
analysis tackles solely with cases related to extra-urban and leisure mobility, thus
excluding urban and commuter uses. It represents one of the first syntheses on this
topic and demonstrates the importance of private actors in developing these projects,
as well as the random distribution of EVSE services: e-bikes services are still seen
exclusively as products to sell, with no precise plan to integrate them with slow travel
infrastructures and the territory.

1 Designing Slow Tourism with e-services

This paper reflects on the relatively new and original field of e-slow tourism by
presenting an analysis of existing routes equipped with e-bike recharging services.
Seven cases have been selected in Europe and nine in Italy. This study aims to under-
stand the criteria and approaches that have guided the location of e-bikes charging
stations (CSs).

The analysis thus addresses cycling tourism by considering its relationship with
the so-called e-velomobility, which concerns “practices, systems and technologies
of e-cycling, specifically around electrically-assisted bicycles, where a combination
of pedal power and (optional) electrical assistance propels the rider” (Behrendt
2018: 5). As discussed in this volume (see chapter 1.5 by Pirolo and Pileri) and in
many other studies (Han et al. 2020; Senese et al. 2023a, b; Lagerstedt and Svensson
2022; Probstl-Haider et al. 2018), e-technology can produce a positive effect on slow
tourism by increasing the number of potential users. Thanks to e-bikes, people can
cycle for long periods without specific training, even in mountainous and hilly areas
(Scuttari and Isetti 2019).
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In order to promote the use of e-bikes in slow tourism practices, specific facilities
are required, such as a suitable charging infrastructure. The location of e-bike CSs
depends firstly on economic factors, such as the available budget, which affects the
number of stations, and secondly on technological issues related to e-bike batteries,
which can vary depending on the type of vehicle and the route’s topography (the
steeper the slope, the shorter the battery life) (Burani et al. 2022). Moreover, the
location of e-bike CSs along a cycle tourist path can also be viewed as a more
complex spatial decision based not only on economic and technical constraints. In
fact, it can contribute to defining breaks during the slow tourism experience (Pirolo
and Moscarelli 2025; see chapter 2.6 by Pirolo, Moscarelli and Belotti). Where to
stop along a cycle path is usually unpredictable, but many attractive factors, such as
cultural heritage, accommodation services or transport hubs, play a crucial role (Ma
2018; Lee 2014). As a new service, the presence of e-bike CSs can also influence
travellers to stop in a specific place. Where should we plan for slow travellers to
stop and recharge their e-bikes? Should it be directly along the cycle path, or in
urban areas where, while they recharge the bike, they can also have a coffee in a bar,
visit a cultural attraction, or even spend the night? Should local businesses, such as
restaurants and hospitality services, be involved in the maintenance and management
of e-bike CSs? Who should promote the development of e-services for slow tourism,
and what should the goals and ambitions be? These are just a few of the questions
related to the issue of CS locations. Different answers will have different impacts on
the territory and the traveller’s experience.

The chapter discusses an analysis that attempts to determine which design
principles were used to plan EVSE services along existing cycle paths.

The paper is structured as follows. First, the cases are presented alongside the
analysis methodology. Then, one sample is described in more detail to demonstrate
the approach used to analyse all the other cases. Finally, a synoptic view of the results
obtained is introduced and discussed.

2 The Case Studies and the Methodology of Analysis

The analysis is presented as a series of case studies, some of which are located in
Europe (identified by the code ‘En’) and some of which are located in Italy (identified
by the code ‘In’) (Fig. 1). These are referred to e-bike cycle paths.

The list of European cases include:

e Main cycleway (El), in Germany. It is a path of more than 500 kms along the Main
River (it mostly runs along its banks), which goes from Mainz to Bischofsgriin
(538 km) or CreuBen (557 km);

e Danube cycleway (E2), German section, spanning 600 kms along the national
border. It starts in the Black Forest area where the Danube’s source river, the
Breg, originates and, then, continues along the Danube’s banks until Passau;
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Fig. 1 Distribution of the European and Italian case studies. Source Developed by the author

Danube Cycleway (E3), Romanian and Bulgarian sections, which is the final part
of the EuroVelo 6 cycle route connecting the Atlantic Ocean in France to the
Black Sea in Romania. The path at the Romanian-Bulgarian border is yet to be
realised, though an e-bike charging station network has already been established;
Balaton Lake cycleway (E4), in Hungary. It is a 237 km circular route around the
lake and it is part of the EuroVelo 14, which traverses Austria and Hungary and
establishes a crucial east—west corridor;

La Loire a Vélo (ES), in France. It is one of the country’s most important cycle
routes, stretching from Saint-Nazaire to Nevers over 900 kms. It represents the
starting point for EuroVelo 6;

La Bella Via (E6), in France, located in the Auvergne-Rhone-Alpes region. It runs
from Valence to Chanaz or La Balme-de-Sillingy via a 225 or 280 km path;
National Cycle Network (E7), in United Kingdom. Four paths in the network that
already have CSs have been selected: the Devon Coast to Coast route (159 km)
and the Cotswold Line route (69 km) in England, the National Route 6 route
(711 km) and the Hadrian’s Cycleway route (England, 278 km) and Caledonia
Way (Scotland, 374 km).
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Moreover, the Italian cases are:

e Adige cycleway (I1), which runs for about 80 km from Merano in the Trentino-
Alto Adige region to Verona. It forms part of the EuroVelo 7 route, connecting
Cape North in Norway to the island of Malta in the Mediterranean;

e Energy Cycleway (I12). It is located in the Lombardy region and it is divided
into three different routes, which are 65, 23 and 39 km long respectively. These
paths were financed by a hydroelectric company with the aim of enhancing the
mountainous areas around the hydroelectric production plants;

e Apennines cycleway in the Marche region (I3). Completed in 2023, itis a 198 km
ring path in a mountainous area (with an elevation of 3,570 m);

e Bike to Coast (I4) cycle path. It crosses the entire Abruzzo coastline over 131 kms
and forms part of the Adriatic cycle route, which is an approximately 1,300-km
cycle tourism itinerary crossing seven Italian regions and connecting Trieste with
Santa Maria di Leuca, the southernmost point of Apulia;

e Apennines Bike Tour (I5). It is a 3,500 km route through more than 300 villages
in 14 regions, passing through 56 parks and protected areas, from north to south
Italy. Following the earthquake in central Italy in 2016, the idea of creating a cycle
route along the Apennines emerged, initially focusing on the affected areas;

e Trasimeno Lake cycleway (I6). It is a 58-km circular path around the lake. The
Lake Trasimeno Hoteliers’ Union has promoted other 25 different walking and
cycling routes connected to the main circular route;

e Alta Via dei Monti Liguri (I7), a 440 km mountain trail designed for walking,
crossing Liguria from west to east. To make the Alta Via accessible to cycling
tourists, variants of the original route have been identified and free e-bike
recharging services are available at many accommodation facilities along the
route. The route is not suitable for inexperienced cyclists, as it is a mountain trail
with a frequently bumpy and stony surface and significant altitude differences;

e Cycle paths in Stelvio National Park (I8), suitable for mountain biking and
follow silvopastoral and old military roads dating back to the Great War. E-bike
recharging stations have been placed along the routes to extend the experience to
those with less experience, enabling them to explore the mountain park with the
help of an electric bike;

e Cycleway of Calabrian Parks (19), which runs for 545 km along the Calabrian
Apennines, alongside low-traffic roads, tracks and cycle paths. The project is
based on the promotion of regional nature areas and their settlements. The parks
connected by this route are Pollino National Park, Sila National Park, Serre
Regional Nature Park and Aspromonte National Park.

The cases were selected by considering the main relevant cycling paths and their
distribution. Information on all the cases was collected through direct contact with
local stakeholders (via email or telephone interviews), as well as from websites and
publications. References for each case can be found in the bibliography.

All cases were analysed using a similar approach. First data collected refers to
the total number of CSs and the average distance between them along the path.
Then, the focus is on the characteristics of the CSs and where they are located,
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e.g. directly along the cycling path, in urban areas close to it, or in specific places
such as public areas (e.g. squares), tourism facilities (e.g. hotels) or amenities (e.g.
museums). These aspects are highly relevant, as they suggest a potential correlation
between the provision of this e-bike service and the territory and local activities.
The final part of the analysis delves into the installation process of EVSE services
(the reasons, aims, and manner in which the project was realised) and the actors
involved (private or public). This section is unique to this analysis, as it is unusual
to observe how e-mobility is integrated into regional and urban planning processes,
as mentioned in the topic overview.

It should be noted that the structure of the analysis remains consistent, even when
not all the required information could be found or all aspects could be explored in
depth.

3 A Sample Analysis: e-bike CSs Along the National Cycle
Network in the UK

The installation of e-bike CSs along the National Cycle Network (NCN) in the UK
has been selected as an example to illustrate the approach used for the other cases
more clearly.

It is useful to mention that the NCN covers every region and nation of the
United Kingdom, with a total length of over 25,000 km. Routes include quiet roads,
traffic-free paths and greenways. The network was first conceived in 1997 by the
sustainable transport charity Sustrans, which remains its custodian, although the
Network is a joint production. In fact, the routes are provided and maintained by
local governments, private landowners, large and small, volunteers, and government
and non-governmental bodies.

Figure 2 shows the actual distribution of e-bike charging stations along the five
cycle routes included in the NCN: the Devon Coast to Coast (England), the Cotswold
Line (England), National Route 6 (England), Hadrian’s Cycleway (England) and the
Caledonia Way (Scotland).

The distribution of CSs along cycling paths varies considerably depending on
their length and the number of CSs. In particular, we can count:

e two CSsalong the 159 km Devon—Coast to Coast route, with an average charging
station distance of almost 80 km;

e one CS along the 69 km Cotswold Line;

e two CSs along National Route 6 (711 km long), with an average distance between
charging stations of over 355 km;

e one CS along the Hadrian’s Cycleway (218 km long);

e three CSs along the 374 km Caledonia Way, with an average distance between
charging stations of almost 125 km.
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Fig. 2 Distribution of the e-bike CSs along the National Netwotk (UK). Source: developed by the
author

Once we have identified the total number of CSs and their distribution along the
cycling paths, we can consider their location. Firstly, we observe whether they are
close to the route, i.e. within a distance range of 0—100 m. Secondly, we consider
their relation to specific services or facilities connected with tourism, culture or social
activities. Tables 1 and 2 summarise the results obtained for the NCN case.

Finally, the last part of the analysis looks at how the cycle paths were provided
with EVSE services and how these services were managed.

In this case, the two main partners involved were Sustrans and Bosch. Sustrans
is a UK-based charity dedicated to enhancing walking, wheeling and cycling as
sustainable modes of transport. It was founded in 1977 and is the promoter of the
initiative. For this project, it has partnered with Bosch to install e-bike charging
stations along well-known National Cycle Network routes. The initiative is intended
not only to encourage the adoption of electric bikes and improve tourist services, but

Table 1 Location (along the cycleway or not) of the e-bike CSs along the National Netwotk (UK)

CS along the cycleway [#] CS not along the cycleway [#]
0-100 m 100-500 m 500-1000 m 1000-2500 m > 2500 m
2 2 1 1 2

Source Developed by the author
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Table 2 Location (in relation to the activities) of the e-bike CSs along the National Netwotk (UK)

Location of e-bike CS CS along the cycleway | CS not along the cycleway | Total [#]

(100-500 m) [#] (> 500 m) [#]
Accomodation facilities 1 - 1
Commercial areas - 4 4
Cultural heritage - 1 1
Visitor center 1 2
Total [#] 2 6 8

Source Developed by the author

also to promote climate policies and sustainable transport, making it more accessible
and convenient for individuals to explore the country by bike.

The CSs are located indoors and are equipped with charging cables. Cycle parking
is located nearby. Each station has six charging compartments with lockable doors for
security, allowing simultaneous use. To charge an e-bike, simply detach the battery,
connect it to the charging cable inside a compartment and lock it with the provided
key.

These charging stations are free to use for all e-bike riders and currently support
Bosch batteries exclusively. However, future phases of the project will expand
compatibility to include other electric bike battery systems.

4 Collecting the Results: The European and the Italian
Cases

A similar analysis has been conducted for all 16 cases. Here, we present a collection
of the results for comparison and to obtain a synthetic overview.

Starting with the number and distribution of CSs along the different cycling paths,
it is possible to observe quite different results (Table 3). Even if this aspect should
consider the maximum battery range (that correspond to 50kms in plain conditions),
we have cases with a huge amount of charging stations (such as the Bike to Cost-14
case with an average distance of charging stations of 6 km) and others with a less
than a minimum number (such as the La Loire a Vélo-E5 with an average distance
of charging stations of 75 km).

We can then consider whether the e-bike CSs are located close to the route (i.e.
within a distance range of 0—100 m) or not. The data for each case are shown in
Table 4. The aggregation of the European cases results shows that CSs are mainly
located relatively far from the cycleway. This means that tourists need to deviate
from the route to reach the EVSE service and explore the local area. Conversely,
the Italian cases reveal an opposite approach, with EVSE services mainly located
along the cycle path, i.e. within 100 m. This could be interpreted as less strategic
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Table 3 Distrubution of the e-bike CSs

R. Moscarelli

Cycleway Length CS [#] Average distance of CS

El a. Mainz to Bischofsgriin: 538 km a. 133 a. 4 km
b. Mainz to Creuflen: 557 km b. 124 b. 4.5 km

E2 598 km 92 6,5 km

E3* n.d 34 n.d

E4 237 km 42 5.6 km

E5 900 km 12 75 km

E6 a. Valence to Annecy: 280 km a. 1 a. 140 km
b. Valence to Chambery: 225 km b. 1 b. —

E7 a. Devon—Coast to coast: 159 km a. 2 a. 79.5 km
b. Cotswold line: 69 km b. 1 b. —
c. National route 6: 711 km c. 2 c. 355.2 km
d. Hadrian’s cycleway: 218.1 km d. 1 d. -
e. Caledonia way: 374 km e. 3 e. 124.6 km

I 80 km 25 3.2km

12 127 km 4 31.7 km

I3 198 km 11 18 km

14 131 km 22 5.9 km

5 3,500 km 44 79.5 km

16 124 km 30 4.1 km

17 440 km 42 10.5 km

18* n.d 21 n.d

19* n.d n.d n.d

Source Developed by the author
* Cases of cycleways which are still under development and construction

positioning of the charging stations, which are strictly related to the path but less
connected to places that tourists could discover by stopping to charge their e-bikes.

In more detail, we can consider the location of e-bike CSs in relation to their urban
surroundings. Of the total number of e-bike CSs analysed (#521), we can identify
the following:

140 located along streets, of which 86 in European cases and 54 in Italian cases;
126 located in public areas such as squares, gardens and urban parks, of which

76 in European cases and 50 in Italian cases);

e 106 are close to accommodation facilities (huts, campsites, and hotels), of which
35 are in European cases and 71 in Italian cases;
e 70 are close to commercial areas (restaurants, bars, and shops), of which 56 are

in European cases and 14 are in Italian cases;

e 22 are close to sports and education facilities (sports fields, gymnasiums, swim-
ming pools, schools and kindergartens), of which 14 are in European cases and 8
in Italian cases;
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Table 4 Location (along the cycleway or not) of the e-bike CSs

Cycleway | CS along the cycleway [#] | CS not along the cycleway
[#]

0-100 m 100-500 m | 500-1000 m | 1000-2500 m | >2500 m
El 28 32 27 29 17
E2 29 20 10 11 22
E3 1 2 - - 31
E4 19 10 2 4 7
E5 7 1 2 1
E6 1 - - - -
E7 2 2 1 1 2
Total 87 67 42 46 80
E—Cases
I 1 - 4 4 16
12 2 1 - - 1
13 11 - - - -
14 7 2 5 5
15 36 7 1 - -
16 14 15 1 - -
17 17 5 7 6 7
18 14 1 - 6 -
19 n.d n.d n.d n.d n.d
Total 102 32 15 21 29
I—Cases

Source Developed by the author

e 21 are close to cultural heritage and facilities (monuments, artefacts, historical
sites, museums, libraries and visitor centres), of which 19 are in European cases
and two in Italian cases;

9 are close to transport hubs (train stations), all of which are in European cases;
5 are close to entertainment facilities (festival halls, water parks, zoos and
recreation centres), all in European cases.

The remaining 21 cases are located close to other activities (not strictly related to
tourism or recreational places such as municipality building, NGO or cemetery).

Moving to the analysis of the process, from each case we can deduce the reasons,
directly or implicitly declared, to install the charging stations (Table 5). We see
that they are mainly related to improving tourist services. This is the only aspect
common to both the European and Italian cases. On the contrary the other reasons
appear quite different. In European cases the issues of climate protection, sustainable
transportation and accessibility are cited. While in Italian ones, the EVSE services
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are seen also as an occasion to slowly experience hilly and mountain places and to
revitalize, though slow tourism, marginal areas.

Moreover, if we consider the promoter, namely who has activated the process
of installing charging stations, and the sponsor, namely who has financed it, we see
(Table 6) how the private and public actors are both involved, in European and Italian
cases. This seems to suggest that the issue of EVSE services need a cooperation of
private stakeholders (usually the companies that produce or distribute the charging
stations) and public entities, from local to over local ones. However, it is necessary
to remember that the private actor is much faster than the public one in realizing
its project, as emerged from the analysis of the promoters. This aspect needs to be
carefully considered since it can produce a over distribution of EVSE services, seen
exclusively as products to sell, without a precise plan to integrate them with slow
travel infrastructures and with the territory.

S Some Preliminary Reflections on the Design of e-bike CSs

This paper presents a series of case studies on tourist cycleways incorporating EVSE
technologies, i.e. e-bike charging stations. It aims to analyse the installation process
of EVSE services in various European settings, focusing on the location, rationale
and objectives of the projects, and the stakeholders involved, whether private or
public. This analysis is one of the first syntheses of this topic and could provide
valuable insights for the design of future projects.

A key finding is the variety of cases, which are not all related to cycleways with
similar technical characteristics (e.g. infrastructure type or length). Some of them
have well-structured projects, such as the Danube and UK cycleways, while others
are still in the early stages of development, such as the Italian Apennines Bike Tour.
This suggests that electric charging stations are sometimes being built before cycling
infrastructure is put in place. Moreover, we can see that the number of charging
stations varies greatly from case to case. This issue probably arises due to a weak
plan for EVSE services, which could be located depending on the budget or other
factors, rather than being implemented effectively alongside the cycleway. From this
perspective, we can also see that the decision to improve the cycle paths with e-
bike CSs is sometimes made before the infrastructure itself is realised. This can be a
critical issue if it reveals that EVSE services are regarded as more of a marketing tool
than a way of improving the quality of existing paths. Alternatively, as the analysis
of the process revealed, the installation of e-bike services is encouraged by private
companies (some of which are described in the promoters’ section) or by contingent
public funds that are not part of a broader strategic framework on slow mobility.

A similar variety can be found in the locations of CSs. In Europe, they are mainly
located far from cycleways, along local streets and in public and commercial areas.
It is also relevant that they are located in relation to municipal buildings and train
stations. Conversely, Italian cases reveal an opposite approach, with EVSE services
mainly located within 100 m of cycle paths. This could be interpreted as less strategic
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Table 6 Analysis of the promoters and sponsors of e-bike CSs

Cycleway | Promoter sponsor

Private | Public | Description

El X X Promoters:

* Franken Tourismus and Local Transportation Associations (for
109 charging stations)

* Local Action Groups (LAGs) and municipalities which are in
“Wald erFahren project” (for 24 charging stations)

Sponsors:

* Public and private entities for 109 charging stations

» European Agricultural Fund for Rural Development (EAFRD)
for 24 charging stations

E2 X Promoters and Sponsors:

ADEFC (General German Bicycle Club), Germany Top River
Routes, and WGD Donau Oberdsterreich Tourismus GmbH
(Danube Upper Austria Tourism Association)

E3 X X Promoters and Sponsors:

» Agency for Regional Development and Business Center—Vidin
(Bulgaria), Vidin chamber of commerce and industry, Romanian
Association for Electronic Industry and Software Oltenia, Local
Employers’ Association for Small and Middle Enterprises Calafat

* Interreg Europe

E4 X Promoters and Sponsors:
* Interreg Europe
* The Lake Balaton Development Coordination Agency

E5 X X Promoters:

* Région Pays de la Loire

* Région Centre Val de Loire

* Comité Régional du Tourisme Centre—Val de Loire
* Solutions & co

Sponsors:

* Région Pays de la Loire

» Région Centre Val de Loire

* European Regional Development Fund(ERDF)

E6 X X Promoters:
» Auvergne Rhone-Alpes Region, the Department of Isére, and the
Pays Voironnais

* Tourisme Pays Voironnais

Sponsors:

* Auvergne Rhone-Alpes Region, the Department of Isére, and the
Pays Voironnais

E7 X Promoters and Sponsors:
 Sustrans and Bosch

11 X X Promoters and Sponsors:
* Municipalities
* Private Entities

12 X Promoters and Sponsors:
* A2A hydroelectric company

(continued)
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Table 6 (continued)

Cycleway | Promoter sponsor

Private | Public | Description

13 X Promoters:

* Municipalities

¢ Mountain Union of Catria and Nerone
Sponsors:

* SNAI Regione Marche

* Municipalities

14 X X Promoters and Sponsors:

* Municipalities

* Private Entities

5 X X Promoters:

* Local Operators

* Tour Operators linked with territory
* Municipalities

Sponsors:

Municipalities

16 X Promoters and Sponsors:
* DINAclub—Repower

17 n.d n.d n.d

I8 X X Promoters and Sponsors:

For Lombardy Region:

* Regione Lombardia-Direzione Sport e Politiche per i giovani
* Interreg Italy-Switzerland (ERDF + Switzerland Fund)

For Autonomous Province of South Tyrol and the Autonomous
Province of Trento:

* Specific agreement with accommodation facilities

19 X Promoters and Sponsors:
* Department of Environmental Protection of the Region of
Calabria

» Regional Parks and Protected Natural Areas sector

Source Developed by the author

localisation of CSs, which are strictly related to the path, but less connected to places
that slow tourists could discover by stopping to charge their e-bikes.

Turning to the analysis of the process, we can deduce the reasons, whether directly
or implicitly declared, for installing charging stations from each case. We see that they
are mainly related to improving tourist services. This is the only aspect common to
both the European and Italian cases. Conversely, the other reasons are quite different.
In the European cases, climate protection, sustainable transportation and accessibility
are cited as issues. In Italian cases, EVSE services are also seen as an opportunity
to experience hilly and mountainous areas slowly and to revitalise marginal areas
through slow tourism.

In summary, the analysis demonstrated the importance of private actors in devel-
oping e-bike CSs, as well as the random distribution of such services. The general
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picture shows that e-bike services are primarily viewed as products to sell, with
no specific plans in place to integrate them with slow travel infrastructures and the
territory.

Finally, we can conclude by highlighting the main limitations of the analysis.
Firstly, the variety of cases discussed above makes them difficult to compare; they
should be considered in their particularities rather than in a comparative way. Further-
more, the analysis could be improved by enriching the procedural aspects. This anal-
ysis provides a starting point from which to gain a broad overview and decide which
cases to investigate in more depth.
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for Locating e-Bike Charging Stations

Along the Italian National System

of Tourist Cycling Routes

Luca Pirolo, Rossella Moscarelli, and Pietro Belotti

Abstract This chapter explores the potential integration of Electric Vehicle Supply
Equipment (EVSE) technologies with slow tourism. An existing model developed
by the authors to define the location of e-bike charging stations is applied to the
most relevant Italian planning strategies related to cycle tourism, i.e., the National
System of Tourist Cycling Routes. This study enables us to refine certain aspects
of the model, such as its application to cycle routes crossing areas with different
orography, and demonstrate the usability and scalability of this optimization tool.

1 Planning Slow Tourism Together with EVSE
Technologies Through Optimization Models

This chapter explores the joint planning of e-technologies within a slow tourism
project. We focus on integrating Electric Vehicle Supply Equipment (EVSE) services
along slow tourist routes, primarily addressing the issue of deploying suitable
charging infrastructure. In the case of a cycleway, this means that e-bike charging
stations (CSs) must be strategically located to ensure comprehensive coverage of the
entire route. The location of e-bike CSs has been studied less than that of e-car CSs,
although some work on the topic can be found. This has mainly been approached as a
technical issue concerning battery autonomy (Micari et al. 2017; Belotti et al. 2024).
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Consequently, the location of CSs depends solely on the requirement to distribute an
adequate number of EVSE services at fixed intervals along the path.

Recent studies by the authors (Pirolo and Moscarelli 2025; Pirolo et al. 2024) have
discussed the development of a mathematical model that considers other criteria
for planning the location of e-bike CSs, while also considering a possible local
development strategy. This practical tool is an optimization model implemented in
a GIS (Geographic Information System) environment that can support the planning
decision about the location of e-bike CSs.

The use of mathematical models in tourism planning has been extensively studied
over the decades, with diverse case studies focusing on the unique characteristics of
such journeys. In fact, the Tourist Trip Design Problem (TTDP) (Van Steenwegen
and Van Oudheusden 2007) is a fundamental optimization problem in tourism trip
planning. It aims to create personalised itineraries that mimic travellers’ decision-
making processes while enhancing their experiences. Addressing the complexities
of planning, such as the numerous options and constraints, the TTDP seeks to
find the best possible solutions for visiting points of interest (POIs) while taking
into account limits on distance, budget, time, and environmental conditions. Some
scholars have applied this typological problem to the specific issue of cycle tourism
(Cernd et al. 2014; Verbeeck et al. 2014), by introducing the so-called Cycle Trip
Planning Problem (CTPP).

Based on this background, our study proposes an optimization model integrating
key elements of the TTDP framework with technical constraints (e.g., budget and
distance depending on battery autonomy) and spatial criteria. These spatial criteria,
processed by the model, prioritise locations in marginal areas based on the assumption
that the presence of charging stations (CSs) would encourage e-cyclists to stop in
‘undiscovered’ places. The availability of charging stations could encourage slow
travellers to stop at certain places and rest for a few hours (e.g., to eat or visit
attractions) or longer (e.g., an overnight stay). In this case, the location of CSs would
contribute to determining the locations where breaks would be taken during the
journey, and thus the economic impact of the slow tourism project.

The model enables us to link technological improvements in EVSE to the concept
of regenerating marginal territories. Stopping to charge an e-bike can encourage
people to explore a place, providing an opportunity for economic and sustainable
development in areas that are not popular with tourists. This approach aligns with the
idea that slow tourism can stimulate economic growth in remote areas such as small
rural or mountain villages, which are usually excluded from tourist routes (Gazzola
et al. 2018). It should be noted that slow tourism can generate significant demand
for services related to the consumption of local food and craft products, accommo-
dation (e.g., hotels and bed and breakfasts), enjoyment of places (e.g., museums and
cultural experiences), and other specific services (e.g., equipment repairs and tech-
nical apparel) (Petroman et al. 2021; Pileri and Moscarelli 2021). Considering these
positive externalities, we can redefine the issue of locating e-bike charging stations
(CSs) across the territory, rather than considering it as a blind kilometer-based distri-
bution. The problem of finding the optimal locations for e-bike CSs therefore arises,
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based on spatial criteria and integrating the usual technical constraints regarding
budget and battery autonomy.

This chapter demonstrates the application of an optimization model to the exten-
sive Italian National System of Tourist Cycling Routes (hereby, SNCT, using the
Italian acronym).

2 The Case Study: The Italian National System of Tourist
Cycling Routes

The SNCT was launched in 2016 by the Italian Ministry of Transport, in collaboration
with the Ministry of Culture, to:

¢ identify priority axes, namely the cycle tourism routes, of the Italian tourist cycle
path;

e allocate national funds dedicated to the construction of cycle paths included in
the plan;

e define a project management mechanism for the construction of each cycle route
included in the plan.

In 2016, the following four cycle routes were initially included: VENTO, SOLE,
GRAB, and the Apulian Aqueduct Cycle Path. In 2017, a further six were added.
Today, the SNCT therefore includes ten cycle routes totaling over 7000 km (Pileri
and Moscarelli 2021).

Seven of the SNCT cycle routes! have been chosen as case studies (Fig. 1, Table 1)
on which to experiment with the mathematical model for defining EVSE location for
three main reasons. First, they are still a work in progress, since some of the routes
already exist, while the rest will be completed in the coming years through national
and regional funding. Moreover, there is currently no planning strategy in place
for EVSE locations along cycleways. Finally, they cross marginal and inner areas
comprising small rural villages, where it is worthwhile to associate the technological
improvements of the EVSE with a regenerative idea.

The following paragraphs will consider how the optimization model was applied
to the seven selected cycle routes by discussing the model’s underlying methodology
and the main results obtained.

I The GRAB route has been excluded from the analysis due to its urban nature and confinement
within the administrative boundaries of Rome. The Garda cycleway is excluded due to the contro-
versial environmental issues surrounding the project. The Vento cycleway is excluded as it has
already been examined in Pirolo and Moscarelli (2025).
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Fig.1 The seven cases studied selected from the Italian National System of Tourist Cycling Routes.
(1) Trieste-Lignano Sabbiadoro-Venice Cycle Route; (2) Sole Cycle; (3) Tyrrhenian Cycle Route;
(4) Adriatic Cycle Route; (5) Apulian Aqueduct Cycle Route; (6) Magna Grecia Cycle Route; (7)
Sardinian Cycle Route. Source Elaboration by authors based on Moscarelli

3 The Methods: Elaborating a Model to Locate e-Bike CSs

The method used and described in this section was first developed by Pirolo and
Moscarelli (2025). A detailed explanation of the criteria and the underlying reasoning
can be found in that work. In this contribution, and specifically in the following para-
graphs, several improvements to the original model are introduced. These enhance-
ments include modifications that allow the methodology to be applied to different
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Table 1 Cycleways considered for the study, with their length and the number of municipalities
crossed by the infrastructure

Cycleway Length (km) Crossed municipality (#)
Trieste-Lignano Sabbiadoro-Venice 150 30
Sole 300 73
Tyrrhenian 870 97
Adriatic 820 78
Apulian Aqueduct 500 62
Magna Grecia 1000 85
Sardinian 1230 110
Total 4870 535

Source Developed by the authors

orographic contexts, each characterized by distinct landscape and morphological
features.

The optimization model is a mathematical tool that enables the representation and
solution of complex decision-making problems using equations and inequalities. In
this study, it is applied to the design of a cycling tourism network.

The first step in solving the model is to build the network, defining its character-
istics by selecting nodes and arcs. This process was carried out using GIS software
to accurately represent the real scenario. The nodes represent the points, namely
the urban areas where cyclists can stop, park their bikes, eat a meal, visit a place of
interest, or stay overnight in accommodation. The arcs, on the other hand, correspond
to the sections of the cycling or road network that connect the different nodes.

As described in the study objective, identifying nodes with specific character-
istics is essential for obtaining reliable results from the mathematical model. The
characterization of nodes must therefore follow a methodical and consistent process.

To promote a regenerative effect in the areas crossed by the cycling path, the
charging infrastructure for electric bicycles must be integrated harmoniously into
the urban context of small and medium-sized towns. In the Italian context, the heart
of urban settlements can generally be identified as the town square, often located
near the town hall or a church.

The squares considered eligible for selection by the model are not located directly
on the main cycling path, but they are located at a maximum distance of 2500 m from
it. Bicycle charging Stations (CSs) can be located in these spaces, allowing cyclists
to easily reach the main recreational areas and places of local interest by walking.
The square is therefore defined as a geographical reference point to which a network
node is assigned.

The overall objective of the study is to use cycling tourism as a tool for widespread
territorial regeneration, capable of triggering sustainable development processes and
strengthening synergies with existing public policies, such as the National Strategy
for Inner Areas (SNAI). The underlying idea is that the creation of a well-structured
cycling tourism network is not only an infrastructure for slow mobility, but also
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a driver for the enhancement of small towns and marginal areas, promoting new
economic, social, and tourism opportunities.

In order to identify the areas where the intervention can generate the greatest
positive impact, an evaluation system based on the classification of urban centers has
been developed.

The methodology adopted considers three main factors, chosen for their ability to
represent the vulnerability and regenerative potential of the territories, as discussed
in the next paragraphs.

3.1 The Marginality Score to Assess the POls

The first factor is the inclusion of the municipality in the national database of Inner
Areas (UVAL 2014), which identifies territories distant from large urban centers and
recipients of specific support policies. The second concerns the demographic dimen-
sion, measured by the number of inhabitants, a useful indicator for understanding
the scale of the local context. Finally, the third factor considers the variation in the
youth population, a parameter that reflects the phenomena of depopulation and the
loss of attractiveness of smaller towns. Each of these three indicators was discretized
according to the methods described in Table 2 and translated into a numerical value.

The sum of the scores obtained for the three factors produces a summary index
called the Marginality Score, calculated as follows:

Marginality Score = IA + Pop + YPL

where /A represents the indicator of belonging to Inner Areas, Pop the score relating
to the resident population, and YPL the loss of young population.

Table 2 Definition of marginality score

Marginality score Score

Inner area (IA) Yes

No

Population size (Pop) <5000

between 5000 and 10,000
> 10,000

Youth population loss (YPL) Degrowth over 10%
Degrowth within 10%

Sl ||| || O|Wn

Positive trend

Source Developed by the authors
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This score enables a comparative assessment of the level of marginality across
the different territories traversed by the cycling tourism network. In this way, the
optimization model can favor, among the various possible destinations, those that
offer the greatest potential for socio-economic regeneration, thus contributing to a
more balanced and sustainable territorial development process.

3.2 Identifying Spatial Criteria and Scoring the POIs

In addition to structural and territorial aspects, each node in the network is assigned
a specific score, which represents its ability to generate value for the surrounding
area. This score, described in detail below, is based mainly on the number and type
of services available within the urban settlement considered.

To determine this score, a circular buffer of 500 m has been defined around the
main square and the route connecting it to the main cycling path. The area thus
delimited allows the services available within the proximity to be identified and
counted, including the entire route that the cyclist takes to reach the urban center.

The combination of the connecting route, the square, and the buffer zone consti-
tutes a Point of Interest (POI), a key element in evaluating the network. The POIs are
divided into three categories: ‘Very marginal’ (category A) when the score is above
12; ‘medium marginal’ (category B) when the score is between 6 and 12; and ‘not
marginal’ (category C) when the score is under 6.

The score of the POI, and therefore of the node, is calculated as the weighted sum
of various contributions, each of which expresses an aspect considered strategic for
the initiation of widespread urban regeneration processes in the context analyzed.
Formally, the formula can be expressed as follows:

N
Olscore = Zwiki = Zakl + ﬁkZ + Vk3 + -

i=1

where k; represents each parameter considered and w; the weight assigned to it, which
is a value between 0 and 1.
The main parameters used to define the score are as follows:

1. the distance of the square from the main cycling path;

2. the safety of the route connecting the cycling path to the square, assessed based
on the type and quality of the road;

3. the presence of essential services (e.g. hotels, pharmacies, or shops) that support
the local community and attract visitors;

4. the availability of food services, such as bars and restaurants, which encourage
cycling tourists to stay;

5. the presence of staffed cultural services (e.g. museums, information centers, or
exhibition spaces) with dedicated personnel,

6. the presence of cultural heritage within a radius of 250 m from the POI boundary;
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7. the preference for less attractive urban contexts, to favor areas that are currently
less valued but have high regenerative potential. The Marginality Score is taken
into account here.

A higher score indicates that the POI is more suitable for selection within the
model’s optimal solution, highlighting its strategic importance in the sustainable
territorial development process. Table 3 summarizes the value of each criteria:

Table 3 Definition of the criteria

Criteria Quantitative measurement | Score (pt)
1. Distance from the Road distance from detour | 1-500 m
cycleway (m) 500-1000 m
1000-1500 m
1500-2000 m
2000-2500 m
2. Road safety level Primary road category Main suburban roads

calculated as a percentage

of the total length of the -
branch (%) Main urban roads

Secondary extra-urban roads

Secondary urban roads

Local roads

Cyclable urban streets

Cycle-pedestrian paths

3. Presence of essential Binary value Absent
services

At least one present

4. Presence of refreshment | Binary value Absent
services

At least one present

5. Presence of cultural Binary value Absent
services (e.g., museums)

At least one present

6. Presence of cultural Binary value Absent
heritage

At least one present

7. Marginality score Calculation of the phase 2 | Non-marginal

Medium marginal

W | == OO0 =|0|9 |9 0 | W INI= =N W| & W

Very marginal

Source Developed by the authors
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3.3 Introducing Different Battery Constraints Depending
on the Morphology of Places

Another fundamental element in building up the model concerns the definition of the
battery range of electric bicycles, a parameter closely linked to the morphological
characteristics of the territory crossed. Since range varies according to slope and
elevation, it was necessary to adopt a representative value for each geographical
context.

To simplify the problem, it was decided to assign different range values depending
on the average orography of the cycling path, referring to the technical performance
of electric bicycle models currently on the market. The average elevation gain was
calculated as the ratio between the total positive elevation gain and the total length
of the route. In practice, only the positive elevation gains are added up, and the value
obtained is divided by the total length of the route. This measure is also commonly
used in cycling statistics, as it provides a concise but effective indicator of the degree
of difficulty of the route.

Yoiry max(0, higy — hy)
Yy di

where A; represents the POI altitude and d; is the distance between two consecutive
POIs. Three representative scenarios were defined:

gainavg =

e Plain: average gradient less than 0.20;
e Hill: average gradient between 0.21 and 0.40;
e Mountain: average gradient greater than 0.41.

Each cycling route belonging to the SNCT has been associated with one of these
scenarios, together with a corresponding level of electric assistance. To determine the
actual range of electric bicycles, the BOSCH propulsion and power system (Bosch
eBike Systems 2025) was used as a reference. Its official website allows users to
configure the technical specifications of an e-bike and estimate its range based on
the selected parameters.

The reference values used for the simulation are as follows:

Propulsion system: Performance Line PX
Battery: CompactTube 500

Average speed: 18 km/h

Total weight (cyclist + bicycle): 120 kg
Pedaling frequency: 60 rpm.

The BOSCH system allows you to select up to seven levels of assistance, but to
simplify the application of the model, the number has been reduced to three. Each
level is associated with a different estimated range, as shown below:

e ECO — 122 km
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e TOUR — 88 km
e TURBO — 70 km.

After calculating the average elevation gain of each cycle route, each route was
associated with one of the three orographic scenarios defined above.

Each scenario was then linked to a level of assistance consistent with the difficulty
of the route:

e Plain scenario — ECO level
e Hill scenario — TOUR level
e Mountain scenario — TURBO level.

This distinction allows the model to be calibrated realistically, taking into account
the different physical conditions of the routes and the resulting energy consumption
of electric bicycles. In this way, the optimization model integrates not only territorial
and infrastructural variables but also technical aspects related to cycling tourism,
ensuring a coherent and functional representation of the system as a whole.

3.4 The Final Optimization Model

Consider a graph G(N, A), where N represents the set of the nodes equal to the
number of POI considered in the cycling tourist network, and A is the set of arcs that
connect the nodes. Let us also define a set of paths k = {p|, p2, ..., px}, in which
h
l

each path is defined as a sequence of nodes p;, = i]f, ié‘, sl ) where g, indicates

the number of nodes belonging to the path p,, with i" € N, Yh € [k]. The selected
paths correspond to the longest paths obtainable in the network, such that they reach
at least 80% of the total nodes. For each arc (i, j) € A is associated with a distance
d;;, while the sum of the distances between two consecutive POIs where charging
stations are installed is indicated by /;; for each path p. For each node j € N the cost
of installing the charger is defined ¢;, and the total installation costs cannot exceed
the available budget b. The battery life of an electric bicycle is represented by the
parameter §. For further information on the model used for a single cycle path, see
the specifications in Pirolo and Moscarelli (2025).

The objective of the model is to maximize the sum of the scores o associated with
POIs where a charging station is installed, according to the technical and budgetary
constraints.

The mathematical model is formally described as follows:

max; x Z 0jXjj ey

(i.j)eA

st L Xy <8 Y(i.j) €A VpeP )
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ZC]'ZJ' <b 3)
jeN

—1 ifi = Wy
Z Xf}— Z x;=141 ifi=a, VieN,Vhelk] 4

JEN:(i,j)eA JEN:(j,i)eA 0 otherwise
5= Z X} Vj € pu, Yh € [k] ()

(E.DEBSK()

xjp € {0, 1} ¥(i.j) € Ap. Vh € [K] (6)
z;€{0,1} VjeV @)

The binary variables xl’.’j and z; define respectively:

° xf; = 1 if arc (i, ) is used in path &;
e z; = 1if a CSis installed in node j.

Constraint 2 ensures that the distance between two consecutive charging stations
does not exceed the battery range §, expressed in kilometers. Constraint 3 represents
the budget limit, requiring that the total cost of the installations remain below the
available threshold. Constraint 4 guarantees the existence of a valid route from o,
to wy, for each path h, where o, and w;, indicate the first and last unknown nodes of
the route, respectively. Finally, constraint 5 links the variables z and x, representing
the so-called linking constraint, which ensures consistency between the selection of
nodes and the arcs actually used.

4 The Results of the Analysis: The e-Bike CSs Along
the Italian SNCT

The mathematical model developed was applied to cycling paths belonging to the
Italian SNCT to identify the optimal configuration for the positioning of CSs for
recharging e-bikes. The application of the model produced results of considerable
interest, both from a quantitative point of view and in terms of territorial and strategic
implications. The main results obtained are now illustrated and discussed, following
the same methodological logic presented in the previous section.
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4.1 Assigning POIs on Marginality

In the SNCT case study, 571 POIs were identified within a radius of 2500 m from
the seven main cycling routes.
The POIs were classified using the Marginality Score, introduced into the model

as a summary indicator of the degree of territorial marginality.
Of the 571 POIs identified:

268 (47% of the total) are very marginal (category A),
166 (29% of the total) are moderately marginal (category B),
137 (24% of the total) are not marginal (category C).

From a territorial point of view, the distribution appears balanced: 274 POIs are
located in inland areas, while 297 are located outside them. Analyzing the demo-
graphic dimension, 163 of the urban centers identified have fewer than 5000 inhab-
itants, while 289 have more than 10,000 inhabitants. Finally, 303 POIs have seen a
loss of young population of more than 10% over the last ten years. The results for
each cycle route are shown in Table 4.

This initial analysis confirms the high potential of cycling tourism as a tool for
widespread territorial regeneration. The inclusion of strategic cycling tourism infras-
tructure, such as CSs, can generate virtuous dynamics in marginal territories, encour-
aging the permanence of services, economic activities, and forms of sustainable
tourism.

Table 4 Description of the Municipality and POI that belong to each cycleway

Cycleway Crossed POIs POI categories
municipalities | considered | - ¢ A Cat. B Cat. C

# % | # % | # %
Trieste-Lignano 30 47 15 |32 23 |49 9 |19
Sabbiadoro-Venice
Sole 73 113 46 |40 30 |27 37 |33
Tyrrhenian 97 119 47 |40 35 |29 37 |31
Adriatic 78 72 23 |32 18 |25 31 |43
Apulian Aqueduct 62 32 22 |70 5 |15 5 |15
Magna Grecia 85 89 62 |70 24 |27 3 3
Sardinian 110 98 50 |51 29 |29 19 |20
Total 535 571 268 |47 |166 |29 137 |24

Source Developed by the authors
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4.2 Defining POIs Score

To calculate the overall score for each PO, it was necessary to define the weights to be
assigned to each criterion included in the model. The values adopted are derived from
the study by Pirolo and Moscarelli (2025), which provided a solid methodological
basis for calibrating the parameters.

The main objective in defining the weights was to favor the selection of POlIs
belonging to category A, i.e., those equipped with essential services capable of more
effectively supporting territorial regeneration processes.

Consequently:

e The weight w; was set at a very high value to exclude POIs lacking essential
services from the optimal solution.

e The weight w; was kept low, as the preliminary selection of POIs had already
taken this aspect into account.

e The weight wy also took on high values to increase the probability that category
A POIs would be included among those chosen by the model.

e The weights wy, ws, and wg have been set to 0.3 to balance the contribution of
secondary services, which can vary significantly between large centers and small
villages.

Table 5 shows the details of the weights adopted for each parameter, highlighting
the role of each criterion in the evaluation process.

The main objective of the weighting system adopted was to give greater impor-
tance to categories A and B than to category C, so that the overall score would give
greater weight to the POIs considered most relevant to the study. Table 6, which
shows the average score for each category along the different cycle routes, allows
the effectiveness of the model to be verified in concrete terms. Analysis of the values
shown in the table reveals that, for several cycle routes, categories A and B actu-
ally obtain higher average scores than category C, confirming the consistency of the
weighting system with the methodological approach. For example, along the Trieste—
Lignano Sabbiadoro—Venice cycle route, the average score for category A (5.31) and
category B (5.63) is both higher than that for category C (4.60), showing how the

Table 5 Mathematical model

weights according to each Criteria Weight
criteria k1 0.1

k2 0.9

k3 1

k4 0.3

k5 03

k6 0.3

k7 0.5

Source Developed by the authors
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Table 6 Description of the POI average score according to the Marginality and to each cycleway

Cycleway POISs considered | Average score

Cat. A (pt) | Cat. B (pt) | Cat. C (pt)
Trieste-Lignano Sabbiadoro-Venezia | 47 5.31 5.63 4.6
Sole 113 6.09 4.14 5.58
Tyrrhenian 119 5.37 5.3 5.68
Adriatic 72 6.09 5.55 5.64
Apulian Aqueduct 32 4.82 5.47 -
Magna Grecia 89 5.00 4.78 5.67
Sardinian 98 5.18 4.87 3.82

Source Developed by the authors

model favors priority categories. However, there are also cycle routes where category
C has higher average values than the other categories. This is not a critical issue with
the model, but a reflection of the actual qualitative distribution of POIs across the
territory. In some contexts, such as on the Tyrrhenian cycle route, category C (5.68)
slightly exceeds A (5.37) and B (5.30), indicating that POIs of this type have a higher
quality or concentration, sufficient to compensate for the lower weight assigned to
this category.

Overall, the results shown in the table demonstrate that the weighting system
achieves its purpose: it enhances categories A and B, while maintaining good sensi-
tivity to the actual distribution of POIs. The model, therefore, does not impose an
artificial effect but provides a balanced representation that is consistent with the
territorial reality of the cycle routes analyzed.

4.3 Specifying Technical Constraints

After defining the various battery constraints associated with the morphological char-
acteristics of each area, the resulting values are summarized in Table 7. The table
reports the range associated with each cycle route included in the SNCT, providing an
overview of the calibration adopted for the model. The Italian territory encompasses
markedly different morphologies. The flattest routes are the Trieste—Lignano Sabbi-
adoro—Venice cycleway, planned along the northern Adriatic coast, and the Apulian
Aqueduct cycleway, which develops across a uniformly flat region following the
main Apulian water channel. Conversely, the Adriatic and Tyrrhenian cycleways,
although also located along the coasts, present a more undulating orographic profile,
which influences their total elevation gain.

From a morphological perspective, the Sole cycleway traverses the Apennines;
therefore, its expected total elevation gain could be comparatively high. However,
a closer analysis of its longitudinal profile reveals that it also crosses two extensive
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Table 7 Average gain, chosen scenario, level of assistance, autonomy, budget, and planned CSs
for each cycleway of the SNCT

Cycling route Avg. Scenario Level of Autonomy Bdg #CS
gain assistance (km) k€)
(%)
Trieste-Lignano 0.05 Plain ECO 122 30 15
Sabbiadoro-Venice
Sole 0.29 Hill TOUR 88 50 25
Tyrrhenian 0.31 Hill TOUR 88 50 25
Adriatic 0.22 Hill TOUR 88 50 25
Apulian Aqueduct 0.10 Plain ECO 122 30 15
Magna Grecia 0.69 Mountain TURBO 70 60 30
Sardinian 0.21 Hill TOUR 88 50 25

Source Developed by the authors

flat areas—the Po Valley and the Florence basin—which substantially reduce the
overall gain. The Sardinian cycleway exhibits a distinctly hilly profile: it spans the
entire region from the coastal belt to the inland areas, which are characterized by
more irregular terrain. Finally, the Magna Grecia cycleway shows the highest average
elevation gain, as it follows the profile of the Calabrian Apennines.

Based on the average elevation gain, we assign each route to a specific scenario and
assistance level, as described in Sect. 4.3. The Trieste-Lignano Sabbiadoro—Venice
and Apulian Aqueduct routes, associated with a flat scenario, yield an autonomy of
122 km. The Sole, Adriatic, Tyrrhenian, and Sardinian cycleways fall under the hilly
scenario and result in an autonomy of 88 km. Lastly, the Magna Grecia cycleway,
characterized by the highest elevation gain, corresponds to the Turbo assistance level,
with an autonomy of 70 km.

The results obtained from applying the mathematical model to the SNCT cycle
paths take into account all the technical and territorial constraints defined in the
previous phases.

In particular, the unit cost of installing each CS was set at €2000, while the
total available budget was varied within a range of between €30,000 and €60,000.
According to the autonomy chosen for the specific cycleway, a different number of
CS is planned to be installed on the network. This choice made it possible to keep
the problem computationally feasible and to analyze different realistic investment
scenarios. The specific budget values adopted and the number of CSs planned for
each cycle path are shown in Table 7.
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Table 8 Bicycle autonomy, defined budget, number of charging stations, and POIs divided by
marginal score for each cycleway of the SNCT

Cycleway Autonomy (km) |Bgt (k€) |#CS |POI categories

Cat. A Cat. B Cat. C

# % | # % | # %
Trieste-Lignano 122 30 14 4 |27 9 |60 1 |13
Sabbiadoro-Venice
Sole 88 50 25 |10 |40 6 |24 9 |36
Tyrrhenian 88 50 22 |13 |59 6 |27 3 |14
Adriatic 88 50 25 |12 |48 4 |16 9 |36
Apulian Aqueduct | 122 30 15 7 |47 8 |53 0
Magna Grecia 70 60 30 |11 |36 |17 |57 2
Sardinian 88 50 25 |15 |60 8 |32 2
Total - 320 156 |72 |46 |58 |37 |26 |17

Source Developed by the authors

4.4 The Final Results

Analysis of the results shows that the optimal solution identified by the model does
not exclusively include POIs belonging to category A, even though this represents
the ideal scenario in terms of service completeness and regenerative potential.

On the contrary, the model returns a mixed selection of POIs belonging to different
categories, in which, however, the sum of category A and B POIs prevails over those
in category C.

This distribution highlights the model’s ability to effectively balance aspects
of territorial attractiveness, service availability, and economic constraints, ensuring
optimal solutions even in contexts characterized by limited resources. The summary
results for each cycle route are presented in Table 8, which summarizes the number
and type of POIs selected, as well as the budget values used. Note that for the Trieste-
Lignano Sabbiadoro-Venice Cycle Route and the Tyrrhenian Cycle Route, the total
number of POIs selected is less than the available. Figure 2 shows the corresponding
optimal configurations for the positioning of CS.

5 Conclusions

E-technologies can positively influence the development of slow tourism by enriching
sustainable practices to experience the territory. The paper reflects on how the project
of a slow tourism path can integrate services for e-mobility by planning the location of
the e-bike CSs. This aspect can become a strategic issue both to make the cycleway
more attractive and to encourage slow tourists to discover the places close to the
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Fig. 2 Results of the of e-bike CSs location. Source Elaboration by authors

path, aiming to associate the technological improvements of the EVSE location with
a regenerative idea of the territory. Making the location of the e-bike CSs a local
development strategy was the first intention of the study. For this reason, a tool to
support planning decisions, namely a mathematical optimization model in the GIS
environment, has been elaborated. The idea of planning the charging infrastructure
for the cycling tourist field was applied to the Italian SNCT, composed of seven
itineraries. The Vento case study was already the subject of the study in Pirolo and
Moscarelli (2025).

It is possible to point out that the optimization model has at least two relevant
results: the integration of both quantitative and qualitative criteria in a single tool
supported by a land use approach with a GIS-based spatial analysis; the replicability
and simplicity of the process (e.g. by using an open data set for the GIS-based spatial
analysis).

In addition to these positive aspects, it is also appropriate to consider the limits
of the mathematical model, in particular related to the nature of the data. The data
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utilized are open-access, which is beneficial as it allows the model to operate without
substantial challenges or costs related to data acquisition. However, this advantage
is counterbalanced by the absence of significant and detailed information, partic-
ularly concerning the characterization of services in smaller towns. The database
used lacks the depth required to accurately depict the situation in these areas. Lever-
aging a digital mapping service API, such as Google Maps, could provide richer data
on commercial activities and essential community services, including post offices,
clinics, and schools. Another limitation is the weighting score. In fact, in the analyzed
context, there is a wide variety of towns, and a more in-depth analysis could lead
to obtaining better results that reflect reality. Concerning the mathematical model,
we note that it still focuses just on individual travel scenarios, avoiding the added
complexity of the group travel analysis. It would imply actors like synchroniza-
tion, where individuals within a group must align their schedules to visit shared
points of interest, and diversity in preferences, which requires balancing common
and individual goals. Other challenges could include managing varying budgets,
fitness levels, and time constraints, which necessitate a more flexible and dynamic
approach to itinerary planning. Future developments could thus incorporate algo-
rithms to handle the partitioning of groups into subgroups with overlapping or distinct
itineraries, optimizing for shared experiences while preserving personalization. Such
extensions would harmonize individual preferences with collective goals, adding
layers of complexity to the optimization process but significantly broadening the
model’s applicability and relevance.

Despite these limitations, the proposal remains interesting, especially for its
general intention of integrating slow tourism with EVSE services to foster the sustain-
able development of marginal areas. E-mobility not only triggers and enhances slow
tourism but can also contribute to generating positive economic impacts if the loca-
tion of the e-bike CS is defined not only by technical and budget constraints but also
by other spatial criteria. Such a perspective is quite original and can be regarded as a
valid result of the research. Moreover, the premises at the basis of the model promote
local development of less attractive places, which suits with public interest.

This also opens to a first reflection on some managerial implications that are
not the main object of the paper, but that can become starting points for the future
development of the research. As a matter of fact, the model has been designed as a
practical tool for the public institutions and local authorities involved in slow tourism
projects. It would be necessary to better define the entire process to integrate e-
services with slow infrastructures: from the planning of e-bike CSs to their installation
and maintenance over time. From this perspective, the model could be seen as a first
planning tool, useful to orient the public actor. The other phases should be more shared
with private stakeholders (e.g., e-bikes CSs providers and producers or local actors
involved in accommodation activities, which can be responsible for the maintenance
of the EVSE services), even for what concerns the funding aspects.

Finally, the study is a preliminary step in the analysis of this new and complex
development for the slow tourism field and can be improved both by trying to over-
come the technical limitations of the model and by considering a wider view of all
the different phases.
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Optimal Location of E-Bike Chargers )
on Touristic Cycleway Networks ek

Luca Pirolo(®, Pietro Belotti(®, and Federico Malucelli

Abstract E-bikes allow for longer and easier rides even for untrained cyclists, but
the riders can take full advantage of their bikes on cycleway networks that are
equipped with Charging Stations (CSs) for extended autonomy. Therefore, CSs must
be deployed on a cycleway network so that a bicycle rider can find a CS before run-
ning out of charge, though budget constraints limit the number of CS that can be
installed. In cycleway networks structured as simple paths, we prove that the prob-
lem of deciding where to install CSs in a uniform way and complying with budget
constraints can be mathematically formulated and solved very efficiently with an
elegant algorithm supported by a graph representation of the problem. The approach
will be extended to linear cycleways having alternative branches. The more general
case of a cycleway network is studied. This case requires a more complex discrete
optimization model, and alternative approaches will be discussed. The models will
be applied to a set of cycleway networks with different shapes.

1 Introduction

Cycleway networks are now more accessible to the general public thanks to assisted-
pedaling bicycles (e-bikes), which carry a battery-powered electric motor that
increases the distance autonomy of the rider and facilitates ascents, thus allowing
for longer, more enjoyable rides. Riders with various training levels can therefore
explore vast cycleway networks, even in mountain areas, for hours without significant
fatigue and with limited environmental impact.
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E-bikes have batteries of various sizes, and the battery’s autonomy is sometimes
insufficient to guarantee long rides of more than a few tens of kilometers, thus limiting
the exploration of vast areas. However, their batteries can be recharged by plugging
them into charging stations (CSs) along the routes, extending the range of a bicycle
ride and hence the attractivity of e-bike tourism. Charging stations differ from those
for electric vehicles in that they require much less power and can be installed even
in remote areas by adding a photovoltaic panel and accumulators to provide energy.
The charging time, typically one to two hours, requires the cyclist to pause the ride,
but also allows for exploring the local environment of the CS and its attractions.

Therefore, the decision maker aiming to make a cycleway network attractive
should install CSs in the most adequate locations, ensuring accessibility for all e-
bike riders while respecting budget constraints and maintaining a uniform maximum
distance between consecutive CSs. This is an optimization problem, and its mathe-
matical formulation and algorithmic solution have been the subject of several research
efforts in the broader field of cycleway network design.

While in the scientific literature and in the digital tools available on the web or on
portable devices we can find a good variety of contributions regarding route gener-
ation using optimization tools, the contributions on the decision making choices to
design and upgrade cycleway networks are not so frequent, especially when touristic
cycleways are considered.

An early reference in this area is (Cerné et al. 2014), which addresses the prob-
lem of designing optimal routes for cycle-tourists. Their model integrates multiple
criteria as distance, safety, and attractiveness, into a route optimization framework,
demonstrating how mathematical optimization can produce itineraries that balance
efficiency and recreational value. This study represents a pivotal step toward formal-
izing bicycle route planning as an optimization problem and has inspired subsequent
works addressing larger-scale network planning. Giovannini et al. (2017) further
extends these concepts by introducing a design framework for cycle-tourist net-
works at the regional level, where the objective is to identify optimal connections
among existing routes and points of interest.

Later research extended these ideas from individual routes to the design of entire
cycleway networks. Mauttone et al. (2017) proposed a mixed-integer optimization
model for selecting optimal links in an urban bicycle network, considering both
construction costs and user equilibrium flows. Such approaches aim to identify the
subset of links that maximizes network performance or accessibility within budget
constraints, often accounting for the way cyclists choose routes once the network is
built. Similar formulations have been used to plan network expansion in developing
cities or regions with evolving cycling demand.

A key advancement has been the integration of behavioral choice models into opti-
mization frameworks. Liu et al. (2019) introduced a path-size logit model within a
network design formulation to capture overlapping and competing routes, providing
more realistic demand assignment. Other studies have expanded the objective func-
tions to include multiple criteria as safety, connectivity, comfort, and cost, resulting
in multi-objective optimization models solved via heuristic or metaheuristic algo-
rithms.
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Recent contributions have focused on the economic efficiency and social welfare
implications of cycling infrastructure. Caicedo et al. (2023) analyzed cost-effective
design parameters under budget constraints, while Paulsen and Rich (2024) proposed
a welfare-optimal network expansion framework that incorporates induced demand
and accessibility benefits. These approaches emphasize the role of optimization not
only as a technical design tool but also as a decision-support framework for sustain-
able transport policy.

Other recent contributions adopt data-driven approaches: Steinacker et al. (2022)
propose a demand-driven optimization framework using empirical cycling data to
improve urban “bikeability” while Lonardi et al. (2025) apply optimal transport the-
ory to achieve cohesive and well-connected cycleway networks in multilayer urban
environments. These approaches represent a shift toward data-informed, adaptive
optimization models capable of integrating diverse performance metrics as connec-
tivity, safety, accessibility, and energy consumption.

A wide range of solution approaches has been explored, from exact mixed-integer
linear programming for small-scale networks to heuristic and metaheuristic tech-
niques for larger instances. Decomposition algorithms, greedy link-addition strate-
gies, and hybrid optimization pipelines have been successfully applied to handle the
combinatorial complexity of real-world cycleway networks. Data-driven methods
and GIS-based preprocessing steps are increasingly used to integrate spatial, topo-
graphic, and environmental information into the optimization process (Natera Orozco
et al. 2020).

Emerging research focuses on robust and adaptive network design, accounting for
uncertainties in demand, weather, and future technological developments. Several
studies highlight the need to explicitly incorporate topography and energy consump-
tion for e-bikes, especially in hilly or mountainous regions, and to model charging
infrastructure placement jointly with network optimization. This integration is par-
ticularly relevant for e-bike tourism, where route feasibility depends on the spatial
distribution of CSs and on the riders’ autonomy limits (Burani et al. 2022).

Open challenges include the scalability of exact optimization methods, the empir-
ical calibration of user behavior parameters, and the integration of multimodal inter-
actions (e.g., cycling combined with public transport). Addressing these aspects will
enhance the realism and applicability of optimization-based models for cycleway net-
work planning, particularly in the context of e-bike tourism and sustainable regional
mobility.

In this chapter we consider the problem of upgrading a cycleway network by
installing e-bike chargers in strategic positions, so as to improve the accessibility
and to attract tourists in remote areas. We build on the preliminary models proposed
in Belotti et al. (2024), specializing them to the case of linear cycleways for which we
derive efficient solution methods. The method developed for linear cycle network is
then extended to general networks. Considering the touristic nature of the network,
we assume that the capacity of the links and of the chargers is not an issue, and
that a specific demand of transportation does not exist. The idea is that we do not
introduce the chargers to follow the demand, but rather the opposite. The presence
of the chargers will create the demand, and the their position must be decided so
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as to cover uniformly the network, minimizing the maximum distance between two
consecutive chargers in any possible itinerary. The public and private stakeholders
that are often involved in the development of CS infrastructure interact in such a
way that initial public investment in CSs spurs more private investments and attracts
demand.

The chapter is organized as follows. We first introduce the problem and the basic
notation (Sect. 2), then describe an efficient solution method for the linear cycleway
case (Sect. 3). The method is extended to the linear case with two alternative branches
(Sect. 4) and finally generalized to the case of cycle-networks (Sect. 5). Some results
obtained by applying the proposed method to some Italian and European cycleways
and network are illustrated in Sect. 6.

2 Optimally Locating Charging Stations on Cycle Paths

In this section we present the general problem and we introduce the notation that will
be used in the chapter. Consider a network of bike trails represented as a directed
graph G = (N, A), where the set of nodes N is the set of pertinent sites and the set
of edges A gives the possible direct connections between pairs of sites. A distance
d;; is associated with every edge {i, j} of A. Let us suppose that S is the subset of
nodes where a CS can be installed, and the installation cost at node i € S is denoted
by ¢;. The maximum budget for the CSs is F'. In addition, we suppose that a set P of
possible riders’ itineraries is given. Each itinerary p € P is specified by a sequence
of nodes (iy, ip, . . ., im,) that defines the sequence of sites such that consecutive sites
have a direct connection.

In Fig. 1 we illustrate a network with nine nodes and 3 itineraries, together with
a possible solution for the CS location.

Given a set S of nodes candidates for installing a CS and one itinerary p, we
define a stretch as a portion of itinerary between two consecutive candidate sites
in S. Formally, a stretch is identified by a pair (i, i;») of nodes from p such that
Il <k <k’ <mp,iy € S,ir € S,andiy € N\ §,Vk : k' < k < k”.Forsimplicity,
we assume that iy, i,, € S. The stretch lengthof (i, i;) is defined as the total distance
on p between iy and iy, i.e., Z:;kl d;
the stretch whose length is maximum.

Locating CSs on the nodes of the network while minimizing the maximum stretch
length and ensuring that the total CS installation cost is at most F' is an optimization
problem that we call Capacitated MinMax Stretch Problem (CMMSP) as it is intro-
duced in Pirolo et al. (2024). The question posed by this problem is the following:
in what nodes of the paths p € P should a CS be installed so that (i) installation
cost is within budget and (ii) the maximum distance that a cyclist may have to travel,
without running out of battery, while entering and exiting the graph at any point
(intermediate or not) of the path p, is minimum?

Finally, the longest stretch on path p is

Kolkt1
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Fig. 1 Example of a cycleway network with subset S = {1, 3, 6, 7, 8} for the candidate CSs and
itineraries p; = {3,2,1,2,4,8}, p» ={1,2,4,8,4,9}, p3 ={3,4,5,6,5,7}. The yellow nodes
represent the decisions about the sites to be equipped with a charging station

In Sect. 5 we will provide a Mixed Integer Linear Optimization model for the
general CMMSP. But first we start analyzing the special case of a linear cycleway
and its variants. These cases can exploit the special structure of the problem that
allows for an efficient algorithmic approach yielding the optimal solution in very
short time. The general algorithmic approach will be extended to the general case.

3 The Case of a Linear Network and One Itinerary

Before considering the most general case, we studied the case of a linear cycleway.
This type of network is quite common, thinking about the cycleways following the
big rivers. Moreover, we could have easy access to the data of the Venezia-Torino
(VenTo) cycleway (Pileri 2020) to test our model and algorithm.

In order to induce tourists to discover the territory, it is not recommended to install
CS directly on the main path of the cycleway. Instead, ideally, they should be installed
in some sites in the proximity of the main course, called Points of Interest (POI). The
motivation is that the presence of a CS induces riders to deviate from the main course
and discover the territory (Pirolo and Moscarelli 2025, 2026). Moreover, especially
in the case of cycleways following the river banks, the possibility of carrying out
leisure activities on river banks during the charging operation is rare, while deviating
from the main course to reach villages or facilities offers a variety of alternative
activities that justify the stop.

The graph representing the case of a linear cycle path is thus a so-called caterpillar
(see Fig. 2),1.e., a graph thatresembles the structure of a cycle path where each node is
connected to one or more nearby points of interest (POIs), and the POIs are connected
among them through the linear cycle path.
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In summary, we assume that (i) none of the POIs is on the main cycle path and
that (ii) to facilitate leisure activities while recharging the e-bike, a CS should only
be installed at a POI, therefore only nodes that do not belong to the caterpillar spine
can host a CS. Finally, in order to include the extreme case where a cyclist visits all
POIs between her entrance and exit nodes, we consider a path p that begins at the
first node of the caterpillar graph’s spine and ends at the last one, and it visits all
intermediate ones.

The CMMSP on a cycle path that is connected to a set of points of interest
implies that G = (N, E) is structured as a caterpillar graph, as shown in Fig. 2. Let
N =LUSwhere L ={1,2,...,n}isasetof nodes that correspond to the locations
along the cycle path from which we can deviate, and S = {n 4+ 1,n+2,...,2n} is
a set of nodes corresponding to the POIs that may host a CS. The set of edges E
is the union of two subsets: E' = {{i,i + 1},i = 1,2,...,n — 1}, i.e., the edges
forming the cycle path proper; and E” = {{i,n +i},i = 1,2, ..., n}, which form
the connection between each point i on the cycle path and a nearby POL.

The distances between consecutive nodes in L (i.e., d; j+1,i = 1,...,n — 1) and
the lengths of the deviations (d; ,+;,i = 1, ..., n) are given. Due to the practical
considerations outlined before, we also assume that the path p goes from the first to
the last extreme of the cycleway and touches all POIs in between.

An optimization model can be developed by considering a secondary caterpillar
graph with two extra nodes called « and w and with edges {«, 1} and {n, w}, both hav-
ing null distance, asshowninFig.3.Pathp = (o, I, n + 1, 1,2, n +2,2,3,...,n —
1, n, 2n, n, ) is indicated with a dashed curve through all nodes from « to w, travers-
ing each node in {1, 2, ..., n} twice.

We introduce an augmented graph G* = (N*, A*) as the directed acyclic graph
defined with N* = {«, 1,2, ...,n,w} and A* ={(i, j) : i, j € N*,i < j}, where,
by a little abuse of notation, we assume o <i < w foralli =1,2,...,n. Define

Fig. 2 Example of a
caterpillar graph deriving
from a linear cycleway:

1,2, ..., n are the nodes
forming the cycle path,
whereas

n+1l,n+2,..., 2n are the
nodes corresponding to the
points of interest, where CSs
can be installed
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Fig.3 Secondary caterpillar graph with fictitious source and destination nodes & and w. The dashed
curve is the cyclist trajectory p through all POIs

now the traveling length /;; on all (i, j) € A* as the total distance of an i — j path
that traverses once every POI node in between:

Z;];i dpht1 1+ 2 Zf,:l dpnin +djnyy  fi=a
lij = dinvi+ D opei dhiyr +23 i1 dpnn ifj=o (1
j—1 i—1 .
dinti + 25 Annt12 341 dnnen + djnyj otherwise

Every arc (i, j) € A* represents a stretch on G* with length /;;. Arc (i, j) is
associated a label pair (/;;, fi;), where /;; is defined by (1), while the arc cost f;; is
the cost ¢, j of installing a CS at the head node j of the arc, with f; , = 0, Vi € N*.
Note that, by construction, G* is an acyclic graph, since for all arcs (i, j) we have
thati < j.

An example for a cycle path with n = 4 and for edge distances d; ;1 =5, Vi =
1,2,...,n—1and d;,y; =2,Vi =1,2,...,n is provided in Fig. 4. Note that in
general, for a cycle path with n exit points and consequently n points of interest, the
augmented graph contains O (n?) arcs.

We reduce the CMMSP to the problem of finding an o — w path p* whose
total cost, described with arc costs f;;, is below the given budget F and such that
max, jyep+ l;j 1S minimum. An optimal solution to CMMSP is then given by all
nodes n 4 j € N corresponding to arcs (i, j) € p*. Let us consider two sample
solutions on the graph in Fig. 4, where for simplicity we use ¢; in place of ¢,;.
The first one is defined by the path («, 2, w), equivalent to installing a single CS
at node 2; its two stretches o« — 2 and 2 — w have length 24+ 245+ 2 = 11 and
24542424542+ 2 =20, respectively, hence the maximum stretch length is
20 while its CS installation cost is given by ¢; 4+ 0 = ¢,. Consider a second solution
given by path («, 1, 2, 4, w), equivalent to installing a CS at nodes 1, 2, and 4. The
stretch lengths are therefore 2,2 +5+2=9,24+5424+2+4+5+2 =18, and 2,
their maximum being 18, while the total installation cost is c1 +c2 +c4. Clearly the
second solution has better objective function (maximum stretch length), but it has a
larger installation cost which may be infeasible if ¢; + ¢, + ¢4 > F.

In order to formulate the problem mathematically, we introduce the binary vari-
ables x;; foreach (i, j) € A* thatare setto 1if the stretchi — j is part of the solution.
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(29, 0)

Fig. 4 Augmented graph for a sample caterpillar graph with n = 4 and edge distances d; ,+; = 2
fori =1,2,3,4,d12=dy3=d34 = 5,anddy,| = d4,, = 0. Eacharc has label (/;;, f;;) indicating
the stretch length and the installation cost

Moreover we need a bottleneck variable & to account for the length of the longest
stretch. The problem can be formulated as a resource constrained bottleneck path
problem:

CMMSP : min § 2)
lijxij <8 VG, j) € A* (3)

2. pear Jijxij < F 4)

Z(j,i)eBS(i)xji - Z(i,j)eFS(i) xjj =b; Vi € N* )

x;j €1{0,1} V@, j) € A* (6)

where b; = —1ifi = a,d; = 1ifi = w, and FS(i) and BS(i) denote the outgoing
and incoming arcs in 7, respectively. Constraints (3) define the value of the bottleneck
variable, in conjunction with the objective function. Constraint (4) limits the total
cost of the solution and constraints (5) define the paths from « to w.

Rather than solving CMMSP using Mixed Integer Linear Optimization methods,
a simple observation allows for solving the problem in polynomial time. Consider a
fixed value of the maximum allowed stretch length 8, the problem becomes equivalent
to determining, via a shortest path algorithm using labels f;;, whether an o« — w path
exists whose total cost is at most F. A binary search then suffices to find the optimal
value of §. The binary search method executes at every iteration a shortest path
algorithm for acyclic graphs, whose worst case complexity is linear in the number
of arcs, and determines whether the budget constraint is violated (in which case the
range of the binary search is decreased) or whether it is satisfied (and then the range
is increased) until the optimal value of the stretch length is found.
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The pseudocode of the binary search algorithm is described below.

Algorithm 1: Binary Search for CMMSP
Input: G = (N, A), budget F, CS costs ¢
Qutput: Optimal value of §
Create augmented graph G* = (N*, A*) with labels /;;, fi;;
[(Smim (Smax] <~ [0, law];
while 8.,;, < dmax do
8« %(Smin + 8max);
A™ <« {(, j) € A% : l;; <3}
Find the length / of the «—w shortest path on G** = (N*, A*") with weights
fij;
if [ > F then
‘ 8min <~ 8;
else
L Smax < 6;

return J;

3.1 Application to the VenTo Cycle Path

The VenTo (from VENezia and TOrino) is a cycle path about 700 kilometers long
that runs along the Po River, between Turin and Venice via Milan: it crosses four
regions (Piedmont, Lombardy, Emilia Romagna, and Veneto), 13 districts/provinces
and 118 municipalities. In 2016, it was included in the first Italian strategy to realize
ten touristic cycle routes, the so-called “Ciclovie Turistiche Nazionali” (Ministero
2018). Figure 5 shows the complete map of the cycle path. Note that the structure
does not follow that of a single path but (1) it contains a long connecting trail from
Pavia to Milan; and, most importantly, (2) it splits into two parallel trails between
Piacenza and Cremona.

We have applied the algorithm described in the previous section to a portion of
VenTo ranging from Piacenza to San Benedetto Po (province of Mantua), with a
total length of about 210 km. Figure 6 shows in detail this portion, together with
the selected POIs. In order to apply our algorithm, only the southern of the parallel
trails between Piacenza and Cremona has been considered, which makes the portion
under analysis a path. We will generalize the approach considering the two alternative
branches in Sect. 4.



210 L. Pirolo et al.

Milano

Venezia

Cremona

Torino A >
Piacenza y
Ferrara A\ o
.
010 30km [~ pred b
N v
)
Fig. 5 The overall VenTo cycle path, from Turin to Venice
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Fig. 6 Portion of the cycle path under study

The caterpillar graph has been generated by automatically extracting data with
suitable GIS tools. The resulting graph contains n = 44 nodes on the cycle path and
about as many nearby POIs. Note that some of the latter are connected to the cycle
path through the same exit point: the instance can be adapted by creating multiple
distinct exit points, which have a distance of 0 from one another, so that each exit
point is connected independently to the corresponding POL.

The experimental tests were conducted on a Lenovo ThinkPad with a QGIS
installation. All algorithms used for this work were either coded in Python 3.11.5
(binary search) or used Python modules such as NetworkX (Hagberg et al. 2008)
for the graph algorithms. While CSs can be of several types, for simplicity here
we have decided to assign an equal price ¢; = 2000 for all POIs. This trans-
lates into a simplification of the budget constraint into a cardinality constraint,
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Table 1 Run times, optimal value of § and location of the CSs when the budget F' varies

Budget | Time (s) | dopt (km) | Optimal set of CSs

2000 0.31 133.2 {22}

4000 0.26 89.5 {13,29}

6000 0.22 68.4 {10, 20, 33}

8000 0.20 54.8 {7, 16, 27, 36}

16,000 |0.14 333 {2, 10, 13, 18, 24, 30, 35, 38}

24,000 |0.14 24.1 {1, 3,9, 12, 15, 18, 23, 27, 30, 34, 37, 38}

32,000 |0.12 19.0 {1,3,7,11, 12, 14, 17, 20, 23, 27, 29, 31, 34, 37, 38, 40}
64,000 |0.12 18.6 {1,3,7,11,12, 13, 16, 18, 22, 25, 28, 30, 32, 35, 37, 38, 40}

and therefore the shortest-path step in our algorithm consists, for these tests, in
finding an o — w path with the smallest number of arcs. We now assess the
performance of the algorithm on the VenTo instance for budget F' ranging in
B = {2000, 4000, 6000, 8000, 16,000, 24,000, 32,000, 64,000}. For each F € B
we have run the binary search algorithm described above, and we report in Table 1 the
run time for the binary search, the optimal value of § and the corresponding optimal
set of CSs. For F = 8000, for instance, the optimal solution {7, 16, 37, 36} consists
of the POIs Castelvetro Piacentino, Motta Baluffi, Viadana, and Suzzara.

4 Linear Cycle Path with Alternative Branches

A slight extension to the simple path case is one in which the graph is composed
of a path and one cycle, the two having one node in common. This is the example
depicted in Fig. 6, where there are two alternative disjoint paths to go from Piacenza
to Cremona, the latter being the first node of the main path to San Benedetto Po and
forward. We suppose that a cyclist starting from Piacenza either selects the northern
side or the southern side. Then the cyclist, after reaching Cremona, continues along
the unique path that goes towards Venice.

The binary search algorithm proposed in the previous section cannot be applied
to this case, as the augmented graph can only be defined for linear paths.

One could solve two problems: one that considers the northern alternative with the
rest of the cycleway, and one that considers the southern alternative with the rest of
the cycleway. However, the two solutions may not coincide in the common parts. This
implies that the two problems must be solved in conjunction and a more general opti-
mization approach must be proposed. The mathematical model of the CMMSP must
be duplicated and then the equality of the decision variable in the common portion
must be imposed. Let us denote by G| = (N}, A}) and G, = (N, A}) the complete
augmented graphs related with the first and the second variant. The two graphs will
have a common portion defined by N N N{ and A} N A3. In the mathematical for-
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Table 2 Run times, optimal value of § and location of the CSs for different values of the budget
F. In parentheses we have indicated the CS in the alternative branches separated by /

Budget Time (s) Sopt (km) Optimal set of CSs

6000 1.03 68.4 {10, 20, 33}

8000 1.22 65.8 {(8/47), 15,28, 39}

12,000 1.03 45.0 {(5/42), 10, 15, 23, 31, 39}

16,000 1.12 34.2 {(4,8/43)11, 15,21, 28, 33, 39}

20,000 1.25 29.8 {4,7/43), 10, 13, 17, 21, 25, 30, 34, 3}

24,000 1.41 26.9 {(3,6,9/42,45), 11,13, 17, 22,27, 31, 35}

32,000 1.12 21.5 {(3,5,8,9/42,45), 11, 12, 15, 18, 22, 26, 29, 32, 35}

mulation we introduce two sets of variables x;;, V(i, j) € Al and y;;, V(i, j) € A}
that define the paths in the two graphs [constraints (13)]. The two path subproblems
are then independent, except for the common portion of the cycle path, for which we
impose the equality. The resulting mathematical formulation is as follows.

CMSSP':

min &
lijxij <6 V@, j) € A}
lijx,-j <6 V(i, ]) € A;

Z(i,j)eA’f fijxij + Z(i,j)eA’z‘ fijyij < F
Z(j,i)eBS(i)xji - Z(i,j)eFS(i) xij = b; Vi € Nf
Z(j,i)eBS(i) Yji — Z(i,j)eFS(i) yij =bi Vi € Ny

x,-jzyij V(l,_])EATﬂAz
x;j € {0, 1} Y(i, j) € A}
yij € {0, 1} V@, j) € A3

(7
®)
9
(10)
Y
(12)
(13)
(14)
15)

Unfortunately, the additional constraints spoil the original structure of the prob-
lem, which cannot be solved with the same method. A standard MILO solver can be
used instead. Clearly the resulting solution method is less efficient than our binary
search approach, but we can still find a solution in a reasonable computation time.
Table 2 summarizes the results obtained in the VenTo case study.

5 Formulation of the General Problem Considering a
Predefined Set of Itineraries

The general CMMSP, defined in Sect. 2, considers general graphs without any
assumption on their structure. However, we assume that a set of input itineraries
is given as a set of paths P defined on the graph representing the cycleway network.
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These paths identify the possible cyclist trajectories, and they should span all the net-
work, so as to guarantee a suitable service coverage. The generalization of the model
described for the simple path case is a significant extension that cannot exploit any
structure of the graph underneath. Thus, the path search approach described in Sect. 3
cannot be applied. The optimization model proposed for the general case considers
each input path as separate in a multi-commodity setting. Among the extensions to
be considered is also the asymmetric value of the length measure for a network edge
when traversed in either direction: on planar cycleway networks the stretch length
does not change when the traversal direction changes, hence the distance d;; is a
good indicator of the battery consumption. In cycleway networks located on moun-
tain areas, rather than the distance between two points i and j one should consider
the energy consumption (or even regeneration) occurring while riding from i to j
which in principle is different from that from j to i.

We outline here the model for a generic cycleway network defined by a directed
graph G = (N, A), where each arc (i, j) € A is associated with a length d;; and an
energy consumption e;;, such that, even if d;; = dj;, it may happen that ¢;; # ej;.

‘We assume that there exists a subset S C N of candidate sites for the installation
of a charging station (CS) and that ¢; is the installation cost for each i € §, with a
total available budget F. Part of the input is a set P of itineraries; each p € P is
defined as a sequence of m , nodes (i, iz, . . ., imp).

Now, let us consider a parametric maximum consumption g, that is, the maximum
amount of energy that can be used between two consecutive charging operations.
From the given input we extract a set of stretches Rs(P) obtained as sub-portions
of the given paths in P, whose total energy consumption is greater than §. Each of
these stretches must contain at least one charging station to allow cyclists not to run
out of charge during their trips.

We then define a stretch-node incidence matrix A such that, for every stretch
J € Rs(P) and for every node i € S, Aj; =1 if node i belongs to stretch j, and
Aj; = 0 otherwise.

An optimization model requires a binary variable x; for every vertex i € S that is
equal to 1 if a CS must be installed at i and O otherwise. This allows us to formulate
the Charging-Station Minimum Set-Covering Problem (CMMSP) for general graphs
as follows: for a given §, at least one CS must be installed on at least one node of
every stretch j € Rs(P).

min ZC,’X,‘ (16)
ieS

S.t. ZAI‘[X[ > 1, V] € Rs(P) (17)
ieS

x € {0, 1}, Vi € S. (18)
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The above problem is parametric in §, which means that we should find the smallest
value of § such that the value of the objective function (minimum installation cost)
is less than or equal to the budget F. The solution of the problem can be obtained
through a binary search framework, like that presented for the linear cycleway case. In
this case, however, instead of solving a simple path search problem, we have to solve
a set covering problem, which is known to be very difficult to solve to optimality.

Note that, while the cardinality of Rs(P) is polynomial in the number of paths in
P, the number of paths in P can be very large and hence the same may hold for the
main set of constraints.

6 Scenario Analysis

The models proposed above were applied to several case studies of cycleway net-
works having different shapes and sizes.

For each case study, the set of paths P has been generated so as to ensure coverage
of most nodes in the graph using this procedure:

1. Select a set of origin/destination pairs located at opposite ends of the network by
choosing several pairs with large Euclidean distances.

2. solve a maximum flow problem between each o/d pair where all arcs have capacity
1; this creates a flow of at least ¢ if the graph is t-connected.

3. create o/d paths from the flow solution.

Let us briefly describe the considered cycleways or networks. For all our case studies,
except the Asiago one, we have used a constant CS installation cost of ¢; = 2000e.

The VenTo Cycleway

In this section we consider the entire extension of the cycleway, which has 172
nodes and 344 arcs. Given the structure of the network, we achieve almost total node
coverage using only a few paths that stretch from the extreme nodes of the graph:
four paths suffice to cover all nodes but two. For this cycleway, we have a budget of
b=80,000€.

The Asiago Plateau Cycle Trail Network

The Asiago Sette Comuni (seven towns) Plateau is located in the province of Vicenza,
Italy. Stretching between Bassano del Grappa and the border with the Trentino-Alto
Adige region, the network spans an area of about 50km by 40km, with the town of
Asiago at its center. This instance has been taken from Belotti et al. (2024). The graph
has 28 nodes and 88 arcs. We generated six paths for this instance and obtained a
solution with a budget of 10,000€. The installation cost of CSs varies between 2000
and 4000€to account for the difficulty of installing a CS in remote areas.
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The Tyrrhenian Cycling Route

The Tyrrhenian Cycling Route is an inter-regional cycle tourism route that connects
the French-Italian border with the city of Rome along the Tyrrhenian coast. It covers
a total length of approximately 870 km. The project is also part of the “National
Tourist Cycle Routes” system. In addition to offering a coastal itinerary, the route
passes through historic villages, protected natural areas, and sites of archaeological
and environmental interest, aiming to promote both cycling and slow tourism along
the Tyrrhenian coast. The graph is composed of 119 nodes and 236 arcs; only two
paths are needed to cover the entire network. The budget considered in this case
amounts to 40,000€.

The Sardinia Cycling Tourism Network

The Sardinian cycling tourism network is a regional project aimed at creating an
integrated system of routes dedicated to cycling, tourism, recreation, and everyday
mobility. The infrastructure is developed as a “loop” and connects coastal and inland
areas of the island, also passing through areas of great environmental, historical, and
landscape value. The main section, called Ciclovia della Sardegna, covers approx-
imately 1147 km. The entire regional network covers 1916 km. The nodes of the
graph are 98 with 404 arcs, and we generated 16 paths that reach more than 80% of
the destinations. The budget allocated is 50,000€.

The Sole-Mare-Vento Cycling Tourism Network

The Sole-Mare-Vento Cycling Tourism Network integrates four major national cycle
routes: the Trieste—Venice Cycling Route, the Adriatic Cycling Route, the VenTo
route, and the Sun Route. Extending from the Slovenian border in the northeast to
the Gargano promontory in the south. The network covers approximately 1950 km.
The graph has 398 nodes and 1624 arcs. We generated 16 paths with a total budget
of 40,000€.

The Flanders Tourist Leisure Cycling Network

The Flanders Tourist Leisure Cycling Network is a comprehensive cycling network
that extends across the entire Flemish region of Belgium.! The network covers more
than 14 thousand km. The network is modeled as a connected graph with 523 nodes
and 4776 arcs. The budget is of 274,000€.

The characteristics of the case studies are summarized in Table 3.

From the computational point of view, the proposed solution approach showed to
be effective and efficient. In all case studies, the optimal solution has been found. The
computational times range from seconds (or less as in the case of Asiago) to more
than one hour as in the challenging instance of Flanders. In the case of Flanders,
the large computational time is due to the very large number of paths that have been

! https://metadata.vlaanderen.be/srv/api/records/c91e9b9d-6465-4dec-beeb- 16fdc6d759a0.
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Table 3 Characteristics of instances: dimensions and properties of the original graph

Instance #nodes #arcs #paths Budget (k€) | Extension
(km)
VenTo cycleway 172 344 4 80 700
Asiago Plateau 28 44 6 10 300
Tyrrhenian 119 236 2 40 870
Sardinia 98 404 16 50 1916
Sole-Mare-VenTo 398 1624 16 40 1950
Flanders 523 4776 289 274 14,000

generated to account for the complexity of the network and the variety of itineraries.
In Fig. 7 we can see the large number of o/d nodes (in green). In any case, considering
the fact that the location of CSs is a strategic planning decision, a long computational
time can be acceptable due to the long-term nature of the decisions.

Considering the tourist cycling networks analyzed, the optimal solution identified
has practical implications that are useful for planning charging infrastructure both
in large areas connecting different regions and in smaller territories. In all cases,
the maximum distance between two consecutive charging stations obtained from
the optimization model provides a detailed design indication that corresponds to the
average distances typically covered by cycle tourists during a stage of their journey
(Pileri et al. 2020). Moreover, once the locations for installing the charging infras-
tructure are identified, this result can generate added value by creating conditions
for the development of small local economies that support the territory and prevent
the abandonment of small settlements along tourist cycle routes, thus reducing the
depopulation of more marginal areas. Cycle tourism can therefore become a driver
for investment in these areas and foster the economic conditions that young fam-
ilies often seek in their daily lives, reshaping the future of these territories. With
these results, it is therefore possible to integrate the planning of services for elec-
tric cycling mobility with a regenerative territorial development model, a topic still
scarcely addressed in the literature (Pirolo and Moscarelli 2025) (Figs. 8 and 9;
Table 4).
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Fig. 7 Flanders region:
yellow nodes represent the
location of the CSs, green
nodes are the endpoints of
the paths. The distribution of
CSs is uniform in the area
outside the city of Brussels,
which is located in the
central gray area. The O/Ds
are positioned at the
extremes of the graph to
achieve maximum node
coverage. The longest stretch
and indicates the trail arc
from 124 to 53, with a length
of 40.53 km
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Fig. 8 Sardinia network: yellow nodes represent the location of the CSs, green nodes are the
endpoints of the paths. The longest stretch is the trail arc from Bari Sardo to Villaputzu, with
a length of 64.8 km. The origins or destinations of the paths are Porto Torres, Alghero, Ardara,
Valledoria, Porto Pozzo, Olbia, San Sperate, Serramanna, Villasimius, Arborea, Baress
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Fig. 9 Sole-Mare-Vento network: yellow nodes represent the location of the CSs, green nodes
are the endpoints of the paths. The longest stretch is the trail arc from Termoli to Ortona, with a
length of 62.4 km. The origins or destinations of the paths are Torino, Rozzano, Vieste, Trieste,
Assago, Verona, Fiesole, Samone, Piacenza, San Giorgio di Nogaro, Albareto, Rivalta sul Mincio,
Marzabotto, Greve in Chianti

Table 4 Solution times and optimal solution value

Instance Total sol. time (s) Max. distance (km)
VenTo cycleway 373 27.6

Asiago Plateau 0.1 17.1

Tyrrhenian 29.3 44.6

Sardinia 20.2 64.8
Sole-Mare-VenTo 1273.3 62.5

Flanders 4320.2 40.5
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