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Editorial

Development Trends of Sustainable Mobility

Leonardo Caggiani and Luigi Pio Prencipe *

Department of Civil, Environmental, Land, Building Engineering and Chemistry (DICATECh), Polytechnic
University of Bari, Via Edoardo Orabona, 4, 70125 Bari, Italy; leonardo.caggiani@poliba.it
* Correspondence: luigipio.prencipe@poliba.it

1. Introduction

The global effort toward sustainable development has underscored the urgent need
to transform urban mobility and transportation systems. These networks are essential to
the vitality and functionality of modern cities, but they also present significant challenges
related to environmental degradation, resource consumption, social equity, and public
safety [1]. As urban populations grow and cities expand, there is an increasing need to
switch to more sustainable, efficient, and resilient transportation systems. This is a key
part of the UN’s 2030 Agenda initiative [2]. This highlights the need for a comprehensive
strategy that supports technological advancements, reevaluates existing infrastructure,
optimizes logistics, and promotes a deeper understanding of users’ behavior and social
aspirations. The compendium of research presented in this Special Issue offers a panoramic
exploration of these interconnected themes, providing a critical perspective on current
advancements and the upcoming challenges in the pursuit of sustainable transportation.
Achieving this sustainable shift is a complex task that requires more than just the advent
of new technologies. It calls for a paradigm shift in how we plan urban spaces, integrate
various transport modes, and encourage behavioral change [3]. Scenarios and robust
indicator frameworks are indispensable tools in this journey, aiding in the deconstruction of
real-world intricacies and the formulation of evidence-based policies. Therefore, it is crucial
for academics and practitioners to constantly and critically evaluate these instruments to
ensure they remain effective and relevant in shaping our urban futures. This collection of
papers bravely enters this arena, offering diverse perspectives and critical insights.

2. Synopsis of Contributions

The foundation of effective mobility planning often requires an understanding of
the complex relationship between urban form and movement patterns. De Vincentis et al.
(2022) (Contribution 1) highlighted this with a data-driven analysis of mobility and the built
environment across three Italian cities: Brescia, Catania, and Salerno. They utilized floating
car data (FCD) and census information to map accessibility metrics, illustrating the effects
of different urban layouts and street network characteristics on traffic flow, travel efficiency,
and the daily experiences of urban residents. These insights are crucial for developing
integrated transportation and land use strategies.

Through a bibliometric analysis of 2000 articles from 2018 to 2023, İnce (2025) (contribu-
tion 2) systematically mapped the emerging trends and innovative solutions in sustainable
urban mobility. This comprehensive review identified dominant themes, such as smart
mobility and technology integration, and highlighted emerging research advances, includ-
ing the crucial links between transportation, public health, and urban walkability. The
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importance of sustainable modes of transportation, such as cycling, cannot be overstated.
Ahmed et al. (2024) (Contribution 3) conducted a systematic review of bicycle infrastructure
design principles within urban bikeability indices. They critically assessed whether current
indices adequately incorporate the five core principles of safety, comfort, attractiveness,
directness, and coherence. They found that, although bicycle infrastructure is a common
evaluative component, the principle of “coherence” is often the least considered. This
points to a vital area for improvement in planning truly bicycle-friendly cities.

The evolution of cities is coupled with the progress of the technological landscape
of transportation, particularly with the rise of electromobility. The transition to electric
vehicles (EVs) raises questions about infrastructure and the economy. Alrubaie et al. (2023)
(Contribution 4) offered a comprehensive review of EV charging stations integrated with
solar photovoltaic (PV) systems. They considered market dynamics, technical specifications,
grid implications, and future challenges. They concluded that PV-grid charging holds
promise for profitability and reduced carbon footprints. However, its cost-effectiveness can
be constrained by PV and battery capacities, as well as the inherent intermittency of solar
power. In addition, Bozhi et al. (2023) (Contribution 5) explored the new realm of wireless
pavement systems based on inductive power transfer (IPT) for electric vehicles (EVs). The
authors investigated the key parameters affecting pavement inductivity and conductivity,
including IPT pad materials and coil dimensions. Their work highlights the significance of
balancing power transfer efficiency with pavement durability through optimized geometry
and material science.

The financial viability and public acceptance of such advanced charging infrastructure
were further explored by Kim et al. (2023) (Contribution 6). They investigated South
Korean households’ willingness to pay for interactive charging stations facilitating vehicle-
to-grid (V2G) systems. Their survey of 1000 respondents revealed that most households
were willing to financially support V2G infrastructure, an initiative that holds promises
in improving grid stability by using EVs as distributed energy storage, which is essential
for integrating various renewable energy sources and promoting electric vehicle-sharing
solutions [4].

Beyond electrification, the rise of autonomous and shared mobility services is poised
to transform urban transit. However, their success depends significantly on user perception
and acceptance. Kashani et al. (2023) (Contribution 7) investigated parents’ opinions
in Kerman, Iran, considering shared autonomous vehicles (SAVs) for their children’s
school travel. Their findings revealed a complex interplay of socioeconomic factors, past
travel experiences, and psychological factors such as perceived usefulness, environmental
concerns, and safety assurances, including the ability to monitor their children. Viejo et al.
(2025) (Contribution 8) focused on how novel transportation systems will address various
needs. In their study, 147 citizens from five European countries engaged in a co-creation
dialogue, and the results revealed a collective vision for the future of autonomous mobility:
electric or hydrogen-powered vehicles that significantly rely on shared services, such as
autonomous buses and e-hailing pods, rather than private vehicle ownership.

The implications of transportation trends need to extend to regional development
and global logistics networks. Letnik et al. (2024) (Contribution 9) offered a forward-
looking perspective from the business sector on the impact of transportation trends on
sustainability in the Western Balkans. Their survey of transportation and logistics experts
suggests that, although trends such as alternative fuels and smart city initiatives will likely
reduce emissions and accidents, these trends will also pose economic challenges due to
increased operational costs and the need for significant infrastructure investments. On
a broader scale, Madanat et al. (2024) (Contribution 10) examined the drivers of port
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competitiveness in low-, upper-, and high-income countries in the Middle East and North
Africa (MENA) region. Their structural equation modeling revealed that, while national
competitiveness and ease of doing business generally bolster port competitiveness, the
dynamics can differ significantly with income levels. For instance, increased national
competitiveness in low-income countries might divert resources from port development,
thereby diminishing their maritime competitiveness if not managed strategically.

3. Sustainable Mobility Challenges: Future Trends

This collection of diverse contributions depicts a sector that is facing a profound tran-
sition. It is a field that is technologically innovative yet faces significant socioeconomic and
environmental challenges. As we navigate this evolving landscape, the critical assessments,
innovative proposals, and forward-thinking perspectives offered by these researchers are
key to guiding us toward sustainable, resilient, equitable, inclusive, and life-enhancing
transportation systems for all urban communities. Recent comprehensive reviews con-
firm this collective shift, highlighting critical areas ranging from modeling post-pandemic
travel behavior to the realization of “X-minute” cities [5]. Nevertheless, a well-defined and
definitive plan is yet to materialize.

The forthcoming era of mobility will be characterized by several interconnected and
challenging frontiers. A primary challenge remains: the persistent disparity between
planning and implementation. Although strategic plans such as sustainable urban mobility
plans (SUMPs) exist, they consistently encounter political, financial, and institutional
hurdles in the real world. Even leading examples of best practice, e.g., Copenhagen,
illustrate that translating strategy into practice is an ongoing process of negotiation and
adaptation. This emphasizes that even the most brilliant plan depends on its execution [6].
This implementation gap is intrinsically linked to a frequently underestimated factor: the
human workforce. The transition to a digitized, sustainable transportation sector requires a
parallel evolution in skills and competencies. Demographic, cultural, and socioeconomic
shifts are fundamentally reshaping transportation jobs. This requires a proactive strategy
for workforce development to ensure the necessary human capital for future mobility
systems [7]. The digital revolution is reshaping not only how people move but also the
flow of goods within urban areas. The disruptive technologies transforming passenger
transport are also evident in the freight sector, where digitalization and automation ensure
a redefinition of logistics, from last-mile delivery to urban consolidation centers. Therefore,
a truly sustainable urban system must address the symbiotic association between personal
mobility and freight transportation as an integrated whole [8]. Navigating the immense
complexity of policy execution, human capital, and the convergence of passenger and
freight logistics requires a new approach. The increasing dependence on simulation,
optimization, and machine learning cannot be considered simply an academic pursuit; it is
essential for designing, testing, and managing resilient and adaptive transportation systems
in a world filled with uncertainty [9]. However, one of the most defining challenges is the
inherent uncertainty about the future. The evolution of transformative concepts such as
mobility as a service (MaaS) is not predetermined but contested, with multiple plausible
futures ranging from closed “mobility walled gardens” dominated by a few large platforms
to more open and collaborative ecosystems. Thus, exploring these potential futures through
co-design and scenario-planning methodologies becomes a vital strategic imperative. These
methodologies empower stakeholders to anticipate challenges and collaboratively shape
desirable outcomes rather than merely reacting to change [10].

Collectively, the contributions presented in this Special Issue serve as milestone ref-
erence points, underscoring the fact that the objective is not solely the efficient and clean
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transportation of people and goods. The real task is to facilitate a complex, systemic transi-
tion that is technologically innovative, politically viable, and, above all, socially just. The
objective is to shape urban environments that are not only smarter but also wiser, more
equitable, and more profoundly human.
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What Type of Self-Driving Vehicle Do Citizens Imagine?
Results of a Co-Creation Dialogue Across Five European
Countries

Jonatan Viejo 1,*, Ana Quijano 1,*, Lucy Farrow 2 and Selini Papanelopoulou 2
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Abstract: It is believed that the deployment of autonomous vehicles in Europe has the po-
tential to achieve safer, more sustainable and more equitable mobility. This study provides
new insight into the hopes and expectations of citizens across five European countries for
autonomous transport systems via a qualitative co-creation activity. A diverse and inclu-
sive sample of 147 citizens was invited to generate their own ideas about how self-driving
transport could be usefully deployed. Participants were asked to describe, in detail, what
the vehicle would be like, what kind of mobility service it would provide, and who the
target users would be. Structured qualitative analysis of the answers identified 337 distinct
scenarios for autonomous vehicles across seven archetypes. In this paper, we describe a
number of features of autonomous services that citizens expect and analyze the differences
between demographic groups. We found that citizens across all five countries share a
vision of autonomous mobility as electric- or hydrogen-powered, with a much greater
use of shared mobility than is currently the case. This understanding of the expectations
of a diverse group of citizens offers valuable insights for industry and policymaker ac-
tors to implement regarding future technology and transport investment and policy and
service development.

Keywords: autonomous vehicles; sustainable mobility; mobility needs; technology

1. Introduction

With transport contributing around 5% to the Gross Domestic Product (GDP) and
employing more than 10 million people, this sector is crucial for Europe’s economy [1].
Transport is also responsible for a quarter of European greenhouse gas emissions, making
it critical to the goal of a 90% reduction needed to achieve the commitment of Europe to
becoming climate-neutral by 2050 [2].

Multiple strategies have been adopted to ensure the competitiveness of the European
transport industry at the same time that it is reshaping towards more sustainable, safe, and
efficient mobility [3,4]. In this context, autonomous vehicles (AVs) have emerged as a new
trend that, it is argued, can improve quality of life, increase the safety of roads, and provide
more sustainable and inclusive mobility services [5].

Technology is evolving rapidly, and AVs are starting to transition from demonstration
pilots to commercial deployments. This complex socio-technological transformation of
the transport system must be attentive to questions regarding both social and technical

Sustainability 2025, 17, 3561 https://doi.org/10.3390/su170835616
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systems to secure equitable public benefits [6,7]. In this regard, expert stakeholders have
been involved in key projects funded by the European Commission to design future trans-
port services enabled by automatization and vehicle functionalities through workshops
aimed at reaching consensus among participants [8–10]. In terms of public engagement, a
wide number of studies in recent years have explored the awareness, attitude, concerns,
willingness, and expectations of citizens toward this type of vehicle, as well as the most
desirable characteristics of driverless mobility. Studies include diverse methods (i.e., sur-
veys, interviews, citizen dialogues, focus groups) applied to different types of samples in
different continents [11–14]. There are also a number of studies that synthesize insights
from user preferences and public acceptance of AVs [15–17] and factors that influence travel
mode choice and travel behavior [18,19]. These studies typically take the form of presenting
options or choices to individuals, describing scenarios generated by the researchers, and
frequently reaching different conclusions about how individuals will choose to travel when
self-driving vehicles become available.

Beyond these studies of individual preferences and responses to expert-generated
scenarios, there is a gap in understanding of what diverse and inclusive groups of citizens
imagine and expect from mobility services provided by autonomous vehicles when the
scenarios themselves are generated by individuals. Co-creation is an increasingly widely
used tool in transport development and research, as evidenced by the interest of European
actors like Civitas [20] and their increasing prevalence in transport research, including on
the topic of autonomous vehicles [21–24]. Pappers et al. [25] defined co-creation in transport
research as a form of public participation involving creative methods and innovation, with
high levels of citizen empowerment or control. As operationalized here, co-creation can
provide insights into how individuals envisage the future, using open questions and
prompts to allow research participants to lead the discussion.

The study reported here is part of the Horizon project Move2CCAM [26], which
uses multiple methods of inquiry to understand and model the impacts of AVs. This
paper reports on data collected from a diverse and inclusive sample of 147 citizens from
five European countries through the deployment of a co-creation activity [27] inspired
partly by [28], which demonstrated its potential to be replicable. It reports on the types of
autonomous vehicles and services that citizens imagine could meet their transport needs
in the short and medium term. It investigates the expectations of citizens within a range
of demographic criteria and across five geographically distinct locations. In line with
socio-technological transition framing, we propose that an in-depth understanding of the
hopes and expectations of citizens should be the basis of the action taken by industry
transport operators and policymakers to develop and deploy automated mobility solutions
that meet genuine public needs so that they are widely accepted, and therefore, deliver on
the potential benefits of autonomous vehicles.

2. Materials and Methods

The Move2CCAM project invites citizens across Europe to participate in the co-creation
of a shared understanding of the role and impact of AVs in future transport systems. This
concept was operationalized through the recruitment of a diverse cohort of citizens and
organizations who took part in multiple co-creative activities over a period of 2 years.
As co-creation methods are less standardized than other qualitative approaches [28], we
provide a detailed account of our procedures for reference.

This paper reports on the findings of the first co-creation activity of the Move2CCAM
project, which aimed to understand citizens’ hopes and ideas for how AVs could be de-
ployed via a semi-structured online discussion. This format was chosen because it allows
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for the formulation of novel ideas while providing significant flexibility to pursue themes
that emerge during the course of discussions. A tailored research protocol was defined for
the creation of use cases by the Move2CCAM partners, which comprised a social research
company with experience in co-creation processes (Think Insights), the research entity in
charge of the analysis of the insights compiled (CARTIF), and the technical coordinator of
the project (UCL). These partners collaborated to identify a sampling strategy for participa-
tion and design the co-creation activity and the analytical approach. A detailed manual for
the co-creation event with instructions and recommendations to guide the moderators was
used to support collaborative discussions among participants and consistency between the
different locations.

2.1. Sample Characteristics

Participants were recruited from five European countries with different features, which
were Germany (DE), Spain (SP), France (FR), Cyprus (CY), and the United Kingdom (UK).
Stratified sampling was used to recruit public participants and achieve a sample that was
inclusive of people with a range of characteristics relevant to mobility needs, in particular
those known to be under-represented in existing research on autonomous transport. The
recruitment criteria were as follows:

• Age: To address different factors that contribute to shaping each generation’s travel
behavior, a range of participants was recruited, with 25% of participants aged 18 to 34,
25% over 65, and the remainder of adults between 35 and 64.

• Gender: An even split of men and women was recruited, noting that existing evidence
shows variation in attitudes towards autonomous vehicles.

• Health Conditions: Greater accessibility for those with conditions affecting mobility
has been claimed as one of the potential benefits of autonomous vehicles; this study,
therefore, included 20% of participants reporting a disability or long-term health
condition that limited their mobility, alongside any carers.

• Place of Residence: The mobility needs of urban and rural residents are quite different,
and, to date, most autonomous services have been trialed in urban areas. Participants
were, therefore, recruited living in rural, suburban, and urban settings.

• Driving Capacity: Increased mobility for those who are unable to drive is another
stated benefit of autonomous vehicles; therefore, this study included at least 10%
of participants who do not have a license or are prevented from driving by a
health condition.

• Income: Information was recorded about income level (relative to national averages)
for analysis purposes but not as a recruitment criterion.

Table 1 provides the demographic features of 147 participants from the study.
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Table 1. Demographic features of participants involved in the co-creation activity.

Features Categories # Participants

Age

18–34 32
35–64 68
65+ 31

Unknown 16

Gender
Male 65

Female 66
Unknown 16

Health conditions

Yes, additional needs needed 20
Yes, carer for someone with additional needs 9

No additional needs 82
Unknown 36

Table 1. Cont.

Features Categories # Participants

Place of residence 1

City center 17
City periphery 36

Town 28
Village < 2000 inhabitants 17

Unknown 9

Driving capacity

Have a license and can drive 105
Have a license but cannot drive 11

No license 15
Unknown 16

Income 2

High 43
Medium 37

Low 33
Unknown 34

Total 147
1 Participants from Germany were classified into different subgroups: urban areas, towns, and villages. 2

Participants from Cyprus did not provide income data. #: Number of.

Table 2 reflects the income ranges in each participant’s country.

Table 2. Income ranges for citizens involved in the co-creation activity.

DE, FR (EUR) SP (EUR) UK (EUR)

Low <24,999 <27,999 <25,999
Medium 25,000–49,999 28,000–41,999 26,000–49,999

High >50,000 >42,000 >50,000

2.2. Co-Creation Activity

Participation was via an online engagement platform called Recollective, which al-
lowed for asynchronous participation and a mix of individual and group activities (e.g.,
during the reflection phase). All activities were delivered in the local language spoken
by the majority, and participants were supported by a member of the research team who
provided technical support and moderated the online discussion, encouraging the comple-
tion of responses and seeking clarification where responses were ambiguous. Data were
collected over the course of five days during March 2023 for a total of one hour and a half
of engagement per participant.
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The co-creation activity involved the following three phases:

• Setting the scene aimed to establish a common understanding of the basic concepts
under discussion and to introduce the co-creation process. The activity started by
asking participants about their lived experiences of transport by exploring the mode
that they used for daily journeys, the challenges faced, the type of people most likely
to suffer from transport constraints in the area where they live, and the improvements
needed. Then, since there was no requirement for participants to have any pre-existing
interest in or knowledge of AVs, the concept of autonomous vehicles was introduced
with a short video on how an autonomous car operates without a human and a
brief overview of different vehicle types under development. Finally, to support the
objective of hearing from people with a broad range of experiences and characteristics,
we introduced ten proto-persons that presented different mobility needs, desires,
travel behavior, and socio-economic features.

• Idea generation: the core of the activity required participants to define potential
mobility services that could be provided by autonomous vehicles in the area where
they lived. Participants were able to generate multiple ideas and detailed descriptions
of vehicle design and operation, as well as the kind of mobility service that should
be provided. Participants were given a series of open-text questions to respond to as
prompts, for example, what would this/these vehicle (s) be? What kind of mobility
service (s) will it/they provide? What will these services allow you to do that you
cannot do now? What kind of a person might need or use this service?

• Reflection: the final phase asked participants to review and comment on the ideas
generated by their peers, for example, to expand their descriptions or provide some
initial feedback on the perceived usefulness of the concepts generated.

2.3. Data Management and Analysis

Robust data security measures were defined to ensure that the compilation of personal
data from the recruitment process and during the co-creation event complied with the
General Data Protection Regulation (GDPR) as well as to ensure the integrity of the data.
These practices consisted of an informed consent form collected from all participants
ahead of the co-creation activity, the use of a password to access raw data compiled in
the recruitment questionnaire, the application of pseudonymization techniques to replace
contact details, and the storage of pseudonymized data in the Move2CCAM consortium
SharePoint and in a data warehouse from the project.

Once the data collection process concluded, the dataset acquired from the recruitment
questionnaire and the online platform was unified in an Excel file through the ID number.
An iterative analysis process was used to identify a set of variables that defined the different
mobility services suggested for autonomous vehicles (e.g., the type of vehicle, trip purpose,
frequency, target user, etc.). Data were coded independently by two researchers to reduce
the risk of bias, with researchers then comparing notes to ensure a common understanding
of the ideas provided by the participants. The researchers ensured each participant had
a full set of responses to ensure that all contextual information provided was considered
(e.g., where an idea was suggested in phase 2 and developed in phase 3); however, a small
number of ideas were insufficiently clear, and were not included in the analysis.

To enable a comparison of co-created ideas between demographic groups, we further
analyzed the coded data to group similar concepts into archetypes, by which we mean
broad categories of vehicle and service types. A comparison of the ideas generated across
demographic groups was performed at the European level and not at the country level
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to maintain sufficient sample sizes for comparison. More details on the Materials and
Methods used can be found in [27].

3. Results

3.1. Analysis of Co-Created Ideas

Through the data analysis process described above, 337 scenarios for autonomous
vehicles were identified. These scenarios could imply widely used services (e.g., a public
vehicle covering a generic route) or specific services (e.g., a vehicle adapted to a particular
type of traveler and serving a specific location or for a specific purpose).

The key differential variables considered for the definition of scenarios were
the following:

• Vehicle typology;
• Vehicle size;
• Energy source;
• Target users;
• Trip purpose;
• Locations served;
• Distances traveled;
• Frequency;
• Ownership;
• Safety measures;
• Accessibility features;
• Methods of payment.

By grouping the most similar ideas together, seven archetypes were identified, which
encompassed 80% of the ideas generated, with the remaining 20% describing a diversity of
use cases, which were suggested by fewer than eight participants each.

The archetypes identified are described below.

1. Passenger transport use cases

• An autonomous e-hailing shared pod refers to an autonomous vehicle with a
capacity for between two and eight passengers that covers short and medium
distances (i.e., up to 30 km) and provides a door-to-door service shared between
different users. Participants typically described this as an on-demand mobility
service hired by users through an app operated by a private organization. This
case is similar to current car-sharing services but without a driver.

• An autonomous private car refers to a small vehicle whose owner can use it
according to their mobility needs. This is just like a current private car but
without the need for a driver.

• An autonomous bus consists of a vehicle with a capacity for 10–60 passengers
that provides a service with a fixed or flexible timetable and routes. Suggestions
provided by participants included a variety of distances traveled, destinations
served, and trip purposes and encompassed public and private operators.

2. Freight transport use cases

• Delivery robots are small-sized autonomous surface vehicles that transport
freight over short distances, for example, packages delivered to homes. Partici-
pants often suggested vehicles operating outside of peak hours and specific exam-
ples like delivering medicines or deliveries within large facilities like a factory.
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• Delivery by vans includes medium-sized autonomous vehicles to transport small,
medium, and sporadically large freight to medium distances (i.e., up to 15 km)
working on demand and operated by a private organization.

• Delivery drones consist of small aerial autonomous vehicles delivering small
freight over short distances and operating on-demand. The type of freight to
transport includes food, medicines, and small packages, and the area of coverage
could be large or part of a facility, such as factories.

• Autonomous long-distance trucks refer to large-sized autonomous vehicles that
transport medium and large goods over long distances through optimized supply
chains to ensure timely and reliable freight transportation. Examples provided
by participants include all kinds of trucks delivering freight by road, including
platooning trucks.

3. Other.

• This group involves types of vehicles or services suggested by only a small
number of participants (less than eight). Many of the ideas collected here in-
volve autonomous vehicles for specific functions such as emergencies, farming,
construction, military use, garbage trucks, and platooning pods. This category
includes both passenger and freight vehicles.

3.2. The Future That Citizens Imagine Is Dominated by Shared, Electric, Passenger Vehicles

Exploring the number of times a particular archetype was suggested by participants
in the co-creation process, as per Figure 1, reveals how widespread expectations are for
these use cases among participants.

 

Figure 1. AV solutions co-created.

• Passenger transport was the most co-created solution. Of the 337 ideas generated,
218 were for passenger services (over two-thirds) compared with 52 for freight trans-
port. There was a high degree of consistency in the use cases proposed for passen-
ger transport, with autonomous buses and e-hailing shared pods being by far the
most common.

• Freight solutions were much less frequently suggested. When participants mentioned
freight, suggestions were much more variable, covering drones, robots, vans, and
long-distance vehicles, among others.

• Shared mobility was the norm as, of the 218 passenger services proposed, the large ma-
jority were shared (buses or pods) rather than private vehicles, which were suggested
just 40 times.
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• AVs were assumed to be electric, with the exception of long-distance freight transport,
which was considered powered by hydrogen, and participants consistently reported
that vehicles would be electric.

• The archetypes were largely differentiated by vehicle type and size, the distance
traveled, and ownership. Other variables like target users, methods of payment, and
frequency were highly variable within each use case.

Appendix A includes more information about the number of AV co-created by each
type of participant.

3.3. Indicative Analysis of Co-Created Ideas by Demographic Group

To analyze the relationship between demographic characteristics and perceptions of
AVs, the demographic profiles of those suggesting passenger and freight vehicles were
compared with the sample as a whole. Six demographic characteristics were included in
this analysis, which correspond with the following:

• Socio-demographic aspects that cover age, gender, and income.
• Mobility needs and behavior associated with health conditions, driving capacity, and

place of residence.

Given the small sample size of the co-creation study, these findings are indicative;
however, they do offer novel insights into how different demographic groups may imagine
the future. Charts have been provided to visualize the reported differences; however, these
do not represent statistical analysis.

3.3.1. Who Is Imagining Autonomous Passenger Vehicles?

Looking across the three main categories of passenger vehicles (e-hailing shared pods,
private cars, and buses), ideas were suggested by participants with a range of demographic
criteria, largely consistent with the sample as a whole, as shown in Figure 2. These use
cases were suggested frequently by participants in our study, indicating they are widely
known and are seen to have broad applicability across age and gender boundaries in a
range of urban and rural settings in all countries included in the sample and for those with
a range of mobility needs.

Figure 2. Demographics of participants suggesting any passenger vehicle.
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Looking at specific use cases, minor differences occur in the patterns of users sug-
gesting different approaches. For example, e-hailing services are slightly more frequently
suggested by people in middle- or low-income categories; however, across other categories,
including urban/rural locations, there are no strong trends. As with the broader category
of passenger vehicles, the e-hailing shared pod is part of the future envisaged by a wide
range of people in different demographic categories and mobility situations.

For private autonomous cars, there were slightly more suggestions from younger
people (who were less likely to hold driver’s licenses), those in higher income brackets (who
are more likely to own a private car currently), and those in suburban and town settings
(where public transport may be less available). These indicative findings suggest that the
personal relevance of transport mode does have some influence on the futures people
imagine, but not overwhelmingly so. Similar patterns were identified in the suggestions
for autonomous buses, which are suggested to be used slightly more by women, those with
health problems, those in small towns and suburbs, and all groups who may particularly
benefit from improved bus services.

3.3.2. Who Is Imagining Autonomous Freight Vehicles?

As noted above, fewer citizens made suggestions related to freight transport uses,
suggesting that they are a less well-established part of the shared imaginary of self-driving
vehicles. Across the four main categories of freight use cases (delivery robots, drones, vans,
and long-distance trucks), these were more frequently suggested by male participants, in
contrast to the even split of men and women, suggesting passenger use cases (as shown
in Figure 3). This finding may simply reflect the greater likelihood of male participants
working in the male-dominated logistics industry, giving freight uses greater salience,
rather than women who might not value freight services becoming autonomous.

Figure 3. Demographics of participants suggesting any freight vehicle.

4. Discussion

The findings presented here represent a novel source of insight into public expectations,
hopes, and aspirations for autonomous vehicles and services. It brings together data from
five EU countries, a more diverse and heterogenous sample of citizens than is typical, and
presents their spontaneous visions for the future of self-driving vehicles rather than their
reactions to expert-derived scenarios. Here, the significance of these findings, particularly
in relation to other data sources on public attitudes, is explored.
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4.1. There Is a Consistent Shared Vision for Autonomous Passenger Transport Across Diverse
European Countries

Analysis shows that in all five locations, and for a wide and diverse selection of citizens,
automation is seen to offer useful transport solutions for passengers. Citizens generated
over 300 different ideas for how automated vehicles and services could be deployed, of
which two-thirds fell into three broad archetypes of passenger transport. Autonomous
buses and e-hailing pods, in particular, are novel modes that appear to be part of a broadly
shared understanding of the future of autonomous vehicles. This understanding seems to
span beyond those who see themselves using these services immediately. In contrast with
stated preference surveys, which find variation in their willingness to use autonomous
vehicles among different demographic groups, our study found that both shared and
autonomous services are envisaged by a wide range of individuals.

In contrast, there was little consensus among participants about the future of au-
tonomous freight services, with many fewer and more varied suggestions made. The
implications of this absence of consensus may be positive—leaving space for positive
disruption—or negative, suggesting a number of individuals who are less accepting of new
technological solutions that feel unfamiliar.

4.2. Citizens’ Imagined Transport Systems with Automation Encompassing Electric and Shared Mobility

Looking across all demographic groups, co-creation data showed a shared vision of
a transport system that is very different from today. Firstly, citizens imagined that all
autonomous transport would use sustainable fuel—either electric or hydrogen—showing
how widely accepted the move to sustainable fuels is across Europe. Secondly, there are
many more suggestions for shared mobility services than for private vehicles, which is a
reversal of current transport patterns where private cars account for the majority of trips
across Europe. These findings suggest a greater willingness from citizens to adopt shared
services than studies assessing the instrumental value of travel time or the affective and
symbolic value of vehicle ownership (as per a recent literature review).

A useful future development would be to explore more explicitly how the expecta-
tion of participants, as expressed in the co-creation setting, may differ from their likely
behavior—providing further explanation of the differences between studies such as ours
and others that challenge the assumption of greater electric and shared mobility on the
basis of stated preference studies.

4.3. How Citizens Imagine This Transport System Operating

Moving forward from the specification of the vehicle or service to the descriptions citi-
zens used, the analysis of AV services provided by participants indicates how they see this
new transport system operating. While participants in the co-creation activity did mention
the value of reallocating time spent driving, they more frequently drew out other benefits
over current transport systems. Participants commonly described new services as more
frequent, more convenient, or more flexible than existing transport options, either because
of extended schedules, door-to-door pickups, or demands for responsive scheduling. Many
of the ideas co-created included reference to specific groups who would benefit from greater
access to mobility, particularly those with disabilities, health conditions, or age-related
issues that prevent them from driving. Participants often described autonomous services as
more cost-effective than private transport, although perhaps more expensive than current
public transport options, which is the price of greater convenience and flexibility.

These findings suggest that automated vehicles are largely valued for the benefits
they can bring above and beyond the lack of a driver. This should inform the design
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of services and policy to support the autonomous vehicle rollout, which should seek to
maximize wider benefits. For vehicle designers and manufacturers, these findings confirm
the importance of accessibility if the desired goal of greater inclusion is to be met.

4.4. Who Is Imagining Which Future: The Risks of Replicating Inequalities

While our analysis of demographic differences is limited by the small sample size
of the study, the high level of diversity and careful stratification relative to many larger
convenience sample studies does allow us to draw out indicative findings. Looking across
the use cases suggested by participants, it is notable that passenger transport use cases
(e-hailing, private vehicles, and buses) are suggested by men and women, by people in a
range of income brackets, with and without health conditions, and in a range of urban and
rural settings across the five European countries of our study. This strongly suggests that
these use cases are widely known, accepted, and seen as applicable in diverse settings.

However, there are differences that seem to correlate with current trends. For example,
autonomous private cars were suggested more frequently by people in the high-income
category and those without health problems, characteristics of which are both correlated
with each other (e.g., people living with ill health and disabilities are disproportionately
likely to live in poverty) and negatively correlated with car ownership. This effect is
replicated with the autonomous bus service, which was suggested more often by women
and people with health problems who are less likely to drive. This illustrates the potential
for AV services to replicate existing patterns of transport usage, which in many cases
exacerbates inequality—without active intervention to increase accessibility, there is a
strong likelihood of replicating existing problems.

There are also some observable differences according to the place of residence—with
both autonomous private cars, and autonomous buses suggested more often by those living
in suburban and town settings, where public transport is typically less prevalent. This
speaks to a perceived opportunity for autonomous services to fill existing transport gaps,
adding value over and above the potential benefits of switching from existing modes.

4.5. Implications for Future Research

This study covers several regions of different European countries and includes the
collaboration of a small but inclusive sample of citizenships. Working on this scale and
using the open-ended and creative co-creation method allowed us to obtain a more detailed
description of the mobility services imagined by citizens. It stimulated thinking both
among research participants and researchers by bringing together diverse perspectives,
leading to richer research findings. We encourage others to continue using co-creation
activities to explore societal transformations like the move to autonomous vehicles for these
reasons. They add a valuable and distinct perspective compared to more instrumentally
focused studies such as stated preference surveys and other forms of opinion research.

However, future studies with a higher number of participants are required to enable a
more robust characterization of the profile of citizens reporting each of the scenarios co-
created. Future research on these directions could also explore more directly the difference
between the desires and expectations of citizens in relation to autonomous vehicles.

5. Conclusions

With this pan-European co-creation activity, we set out to understand the kinds of
futures citizens envisage for autonomous vehicles. In contrast with the existing literature on
preferences and acceptability, it did not prescribe to participants what services were possible
but invited them to describe their own visions of the future. We provide a detailed account
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of this methodology and encourage its wider use to further broaden our understanding of
citizens’ imagined futures.

This study found a high level of consistency across all five EU countries when it
comes to the role of autonomous vehicles in passenger transport. Participants readily
identified autonomous buses, e-hailing pods, and, to a lesser extent, private autonomous
cars as key components of a future transport system despite their individual demographic
characteristics. This suggests a base level of acceptance of these modes, even among those
who are unlikely to be early adopters.

Going beyond vehicle type, we also found that autonomous vehicles were consistently
imagined to be both electric and shared. While electrification is broadly seen as a fixed
component of a future transport system in Europe, debates continue in research and policy
about whether a shift to shared mobility is plausible. This finding suggests that the concept
of shared mobility has entered the public consciousness and is strongly associated with
autonomous vehicles, providing a basis from which modal shifts may emerge.

Finally, while we found a high degree of consistency in some elements of the way the
public envisages autonomous vehicles, other aspects are less well defined—such as freight
transport—which is likely to hinder public acceptance. We also identified indicative trends
for individuals who envision futures that replicate current transport patterns, which in
many cases are both unsustainable and inequitable. We encourage transport planners and
autonomous vehicle developers to consider carefully how choices at this formative stage
may reproduce or challenge these inequalities.
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Appendix A

This section includes the demographic features of participants involved in the co-
creation activity and the number of autonomous vehicles co-created per each of the cate-
gories and the related percentages.

Table A1. AV co-created by each type of participant.

Features Categories # Participants
#AVs

Co-Created
AVs

Co-Created (%)

Age

18–34 32 35 24%
35–64 68 72 49%
65+ 31 31 21%

Unknown 16 9 6%

Gender
Male 65 158 47%

Female 66 158 47%
Unknown 16 21 6%

Health
conditions

Yes, additional needs
required 20 52 15%

Yes, carer for someone
with additional needs 9 22 7%

No additional needs 82 211 63%
Unknown 36 52 15%

Table A1. Cont.

Features Categories # Participants
#AVs

Co-Created
AVs

Co-Created (%)

Place of
residence

City center 17 41 17%
City periphery 36 74 30%

Small town 28 70 29%
Village < 2000

inhabitants 17 38 16%

Unknown 9 21 9%

Driving
capacity

Have a license and
can drive 105 257 76%

Have a license but
cannot drive 11 33 10%

No license 15 26 8%
Unknown 16 21 6%

Income

High 43 115 38%
Medium 37 85 28%

Low 33 74 24%
Unknown 34 29 10%

Total 147 337 -

18



Sustainability 2025, 17, 3561

References

1. European Commission. Communication from the Commission to the European Parliament, the Council, the European Economic
and Social Committee and the Committee of the Regions. Sustainable and Smart Mobility Strategy-Putting European Transport on track
for the Future. COM/2020/789. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52020DC0789
(accessed on 20 December 2024).

2. European Commission. Communication from the Commission to the European Parliament, the European Council, the Council,
the European Economic and Social Committee and the Committee of the Regions. The European Green Deal. COM/2019/640.
Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM:2019:640:FIN (accessed on 20 December 2024).

3. European Commission. Communication from the Commission to the European Parliament, the Council, the European Economic
and Social Committee and the Committee of the Regions. A European Strategy on Cooperative Intelligent Transport Systems, a
Milestone Towards Cooperative, Connected and Automated Mobility. COM/2016/0766. Available online: https://eur-lex.europa.
eu/legal-content/EN/TXT/?uri=CELEX:52016DC0766 (accessed on 20 December 2024).

4. European Commission. Communication from the Commission to the European Parliament, the Council, the European Economic
and Social Committee and the Committee of the Regions. On the Road to Automated Mobility: An EU Strategy for Mobility of
the Future. COM/2018/283. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52018DC0283
(accessed on 20 December 2024).

5. European Commission. Commission Staff Working Document. Status of Progress on Connected, Cooperative and Automated Mobility
in Europe. SWD/2024/92. Available online: https://research-and-innovation.ec.europa.eu/document/download/1720a5ef-01bf-
498e-85f5-c61bb3a7bc31_en?filename=swd_2024_92.pdf (accessed on 20 December 2024).

6. Soh, E.; Martens, K. Public values in the socio-technical construction of autonomous vehicle futures. Public Manag. Rev. 2023, 26,
1322–1340. [CrossRef]

7. Roe, P.G. Qualitative research on intra-urban travel: An alternative approach. J. Transp. Geogr. 2000, 8, 99–106. [CrossRef]
8. Faul, N.; Dirnwöber, M.; di Pasquale, G.; Berrada, J.; Giro, C.; Elrofai, H. Systems and Service Thematic Areas: Challenges and

Scenarios, Deliverable D3.4 of the H2020 Project ARCADE. 2018. Available online: https://ec.europa.eu/research/participants/
documents/downloadPublic?documentIds=080166e5c9986a4c&appId=PPGMS (accessed on 20 December 2024).

9. Boghani, H.C.; Papazikou, E.; Zwart, R.d.; Roussou, J.; Hu, B.; Filtness, A.; Papadoulis, A. Defining the Future of Passenger Car
Transport, Deliverable D6.1 of the H2020 Project LEVITATE. 2019. Available online: https://levitate-project.eu/wp-content/
uploads/2019/11/D6.1-Defining-the-future-of-passenger-car-transport.pdf (accessed on 20 December 2024).

10. Hu, B.; Zwart, R.d.; Papazikou, E.; Boghani, H.C.; Filtness, A.; Roussou, J. Defining the Future of Freight Transport, Deliverable
D7.1 of the H2020 Project LEVITATE. 2019. Available online: https://levitate-project.eu/wp-content/uploads/2019/10/D7.1
-Defining-the-future-of-freight-transport.pdf (accessed on 20 December 2024).

11. European Commission. Expectations and Concerns of Connected and Automated Driving. Special Eurobarometer 496. 2020.
Available online: https://europa.eu/eurobarometer/surveys/detail/2231 (accessed on 20 December 2024).

12. Rahman, M.M.; Thill, J.-C. What Drives People’sWillingness to Adopt Autonomous Vehicles? A Review of Internal and External
Factors. Sustainability 2023, 15, 11541. [CrossRef]

13. Nordhoff, S.; de Winter, J.; Payre, W.; Van Arem, B.; Happee, R. What impressions do users have after a ride in an automated
shuttle? An interview study. Transp. Res. Part F Traffic Psychol. Behav. 2019, 63, 252–269. [CrossRef]

14. Chng, S.; Kong, P.; Lim, P.Y.; Cornet, H.; Cheah, L. Engaging citizens in driverless mobility. Insights from a global dialogue for
research, design and policy. Transp. Res. Interdiscip. Perspect. 2021, 11, 100443. [CrossRef]

15. Adrei, L.; Luca, O.; Gaman, F. Insigths from user preferences on automated vehicles: Influence of socio-demographic factors on
value of time in Romania Case. Sustainability 2022, 14, 10828. [CrossRef]

16. Chng, S.; Plananska, J.; Cheah, L. Comparison of travel attitude study methods using online tools: The case of understanding
public acceptance of autonomous vehicles. Transp. Res. Interdiscip. Perspect. 2023, 20, 100847. [CrossRef]

17. Milakis, D.; Seibert, D. The illusion of the shared electric automated mobility transition. Transp. Res. Interdiscip. Perspect. 2024,
26, 101171. [CrossRef]

18. Silm, S.; Tominga, A.; Saidla, K.; Poom, A.; Tammaru, T. Socio-economic and residential differences in urban modality styles
based on a long-term smartphone experiment. J. Transp. Geogr. 2024, 111, 103810. [CrossRef]

19. Jamal, S.; Newbold, K.B. Factors associated with travel behaviour of millennials and older adults: A scoping review. Sustainability
2020, 12, 8236. [CrossRef]

20. Civitas Initiative. Available online: https://civitas.eu/thematic-areas/public-participation-co-creation (accessed on 20 December 2024).
21. Avila-Garzon, C.; Bacca-Acosta, J. Thirty Years of Research and Methodologies in Value Co-Creation and Co-Design. Sustainability

2024, 16, 2360. [CrossRef]

19



Sustainability 2025, 17, 3561

22. Flores, C.C.; Vanongeval, F.; Steenberghen, T. Identification of older adults’ needs as future users of autonomous shuttles: A
serious game co-creation approach for inclusiveness. Trans. Transp. Sci. 2023, 14, 14–23. [CrossRef]

23. Raats, K.; Lund, J.; Brodersen, M. Trust in autonomous vehicles: Insights from a Swedish suburb. J. Responsible Innov. 2024,
11, 2318825. [CrossRef]

24. Lampkin, S.R.; Barr, S.; Williamson, D.B.; Dawkins, L.C. Engaging publics in the transition to smart mobilities. GeoJournal 2023,
88, 4953–4970. [CrossRef]

25. Pappers, J.; Keserü, I.; Macharis, C. Co-creation or Public Participation 2.0? An Assessment of Co-creation in Transport and
Mobility Research. In Towards User-Centric Transport in Europe 2. Lecture Notes in Mobility; Springer: Cham, Switzerland, 2020.
[CrossRef]

26. Move2CCAM Project. Available online: https://move2ccam.eu/ (accessed on 20 December 2024).
27. Anciaes, P.; Chaniotakis, E.; Gkarzonikas, C.; Paraskeuas, N.; Skreki, I.; Mavromatis, K.; Economou, A.; Kamargianni, M.;

Quijano, A.; Viejo, J.; et al. Primary and Secondary Data and the MOVE2CCAM Warehouse. Available online: https://ec.
europa.eu/research/participants/documents/downloadPublic?documentIds=080166e506370bfd&appId=PPGMS (accessed on
20 December 2024).

28. Gebhardt, L. Understanding different car users as starting point for future mobility concepts—A co-creation approach. Transp.
Res. Interdiscip. Perspect. 2021, 12, 100485. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

20



Article

Drivers of Port Competitiveness Among Low-, Upper-, and
High-Income Countries

Metri F. Mdanat 1,*, Mohammad Al Hur 2, Omar M. Bwaliez 1, Ghazi A. Samawi 1 and Raed Khasawneh 1

1 Business School, German Jordanian University, P.O. Box 35247, Amman 11180, Jordan;
omar.bwaliez@gju.edu.jo (O.M.B.); ghazi.samawi@gju.edu.jo (G.A.S.); raed.khasawneh@gju.edu.jo (R.K.)

2 General Education Unit, Al Wasl University, Dubai P.O. Box 50106, United Arab Emirates;
mohammadalhur@yahoo.com

* Correspondence: metri.mdanat@gju.edu.jo; Tel.: +962-799062815

Abstract: This study empirically investigated the drivers of port competitiveness among low-,
upper-, and high-income countries in the Middle East and North Africa region. It explored the
effects of country-level competitiveness, logistic performance, and ease of doing business on port
competitiveness for 17 countries from the region using a 14-item scale and covering the years
2010 to 2022. Port competitiveness indicators were analyzed using confirmatory factor analysis
to determine the research constructs’ validity. Structural path analysis was deployed to verify
hypotheses concerning effects between conceptualized variables. The findings demonstrate that in
high-income countries, an increase in country competitiveness notably enhances port sustainability
and competitiveness. Conversely, in low-income countries, higher country competitiveness appears
to diminish port competitiveness. For countries with average income, the association is relatively
neutral, exhibiting a slight positive trend. This study explains the specific drivers and interactions
that improve port sustainability and competitiveness as countries move from low- to high-income
levels of development.

Keywords: competitiveness; Middle East and North Africa; port management; economic growth;
structural equation modeling; sustainable transportation

1. Introduction

Competitiveness encompasses a range of institutions, policies, and factors that con-
tribute to an economic system’s prosperity, directly influencing income levels and the
overall health of the economy [1]. At the macroeconomic level, a key aspect of competi-
tiveness is the quality of infrastructure, which includes vital components such as roads,
railways, and ports. These infrastructures play a crucial role in facilitating trade and
enabling economic activities. While national competitiveness covers a broader array of
economic indicators and institutional frameworks, port competitiveness focuses explicitly
on the operational efficiency and strategic advantages of individual ports within the global
supply chain [2]. This distinction is significant: a country can markedly improve its overall
economic performance by enhancing port competitiveness. Such enhancements reduce
trade costs and improve market access, propelling national economic growth [3].

Global shipping service industry stakeholders use various key port hubs worldwide
for global, regional, and national logistic purposes. The host countries and local areas
of major ports achieve immense economic benefits and improved competitive potential
for local, hinterland, and national economies. At the same time, a decline in the use of a
particular port due to a lack of competitiveness relative to changing market conditions can
have ruinous socioeconomic and commercial ramifications for ports and their dependent
communities. Ports that are more flexible to the requirements of shipping lines and that
can complement and add value will become preferred channels for shipping companies
and be better positioned to achieve sustainable long-term economic growth.
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While developing countries strive to enhance economic performance and move from
one level of development to another, they face numerous challenges, and several key
factors influence their progress towards sustainable development. However, countries that
leverage their ports effectively as part of broader economic strategies are better positioned
to achieve sustainable development goals and improve the well-being of their populations
over the long term. Thus, the level of national income and availability of ports can be
considered vital to competitiveness.

However, the sustainability of port competitiveness (SoPC) includes complex factors
that affect ports’ attractiveness and presence for shipping services. Sustainable port com-
petitiveness means balancing the need for growth and efficiency with the responsibility to
protect the environment and support social well-being. It refers to the ability of a port to
maintain its competitive edge over time while also considering environmental, social, and
economic factors [4]. For instance, many shipping lines choose ports that aim to strengthen
the level of connectivity and integration with particular trade routes and regions. Other
shipping lines choose ports based on their logistic chain solutions to minimize time and
economic costs.

Ports are deemed pivotal to an efficient transport system and a well-organized supply
chain [5], and the competitiveness of individual ports is formed from a web of infrastruc-
tural and service factors, external environmental and local resources, and connectivity
with transport and communication networks. The complexity of these factors varies by
location and service lines, and improving a port’s competitiveness is a challenging task.
While numerous studies have examined port competitiveness in the MENA region, limited
consideration has been directed to these transition factors. Accordingly, this study fills this
gap.

Similarly, geopolitical risks, such as conflicts and shifting trade policies, disrupt global
supply chains. Therefore, the income level of a country plays a significant role in determin-
ing how well a port can respond to and recover from geopolitical disruptions. This is due
to differences in infrastructure quality, financial resources, technological capabilities, and
institutional stability. For instance, high-income countries are better positioned to manage
these disruptions due to advanced infrastructure, technology, and financial resources, al-
lowing them to quickly adapt and mitigate impacts. Conversely, low-income countries are
more vulnerable, struggling with outdated infrastructure, limited technology, and weaker
institutional stability, making adaptation to and recovery from geopolitical disruptions
more challenging. Income levels thus shape each region’s ability to respond to geopolitical
risks, influencing port competitiveness and resilience.

Following the disruption of the COVID-19 pandemic and numerous ongoing conflicts,
including in Ukraine and Gaza, new trade routes have developed, such as the India–Middle
East–Europe (IME) corridor, which are affecting the dynamics of global trade, shifting trade
routes, and influencing the performance and sustainability of many ports. The conflict in
Gaza has severely affected the competitiveness and trade of ports in the Red Sea and eastern
Mediterranean regions [6,7] and strained the capacity of regional ports, increasing risks for
shippers and forcing them to seek alternative routes [8]. These events further complicate the
operating environment for ports, requiring collaboration to remain competitive. In addition
to disrupting trade, the conflict has highlighted the need for effective risk management
strategies to maintain sustainable port competitiveness [9]. Furthermore, the establishment
of new trade routes may also shift trade flows and impact port activities, highlighting the
need for strategic adjustments in the post-conflict era.

Ports with advanced communication networks and associated technologies are es-
sential to link the demand and supply sides of served markets [10]. The development
in the importance of seaports as an enabler of international transportation and supply
chains is profound. Continued growth and sustained operations of this magnitude are a
major test of latent seaport capacity [11]. Whether legacy seaports are sufficient to accom-
modate the transport and logistic growth in the coming years is open to question [12,13].
To generate more business, there is intense competition among container ports to maxi-
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mize their effectiveness and efficiency [14–16]. Such competition among ports is crucial
for improving economic performance [17,18]. Cutting-edge progress in worldwide trade
under globalization has resulted in a manifold increase in the importance of container
transport [11].

This development in container transport is associated with numerous technological,
logistic, and financial developments that are of increasing magnitude relative to traditional
sea transportation. Seaports seem to be the most fundamental and distinguished part of
the container transport system, commanding a pivotal nexus at the interface of land and
ocean transportation [19]. To achieve a better edge in terms of competitiveness, ports need
to improve their efficiency. Most ports worldwide have increasingly sought to incorporate
modern technologies and IT systems and equipment within their operations. Though
different ports have met with varying degrees of success, they have all generally achieved
smoother container shipping processes in the multimodal transport system [18].

Several studies evaluated port competitiveness in terms of port operations, interests,
and outcomes according to their needs using qualitative evaluation of experts’ “experiences”
and “perceptions,” but few studies have undertaken a detailed examination of how related
factors precisely affect the SoPC [20–22]. The current research seeks to add to the emerging
research in assessing various effects arising from Logistic Performance Index (LPI), Country
Competitiveness Index (GCI), and ease of doing business (EoDB) factors on the SoPC, as
measured by the country’s level of income and development.

Understanding the drivers of port competitiveness in the MENA region is essential in
order to devise and enable strategic business models for countries with different levels of
income and development. Consequently, this research aimed to discern the key drivers of
port competitiveness affecting countries at different levels of development. The developed
constructs applied in this research are novel in the regional context, and were designed in
order to (a) examine which factors can enhance SoPC and (b) investigate the relationship of
logistic performance with competitiveness and EoDB factors. Structural equation model-
ing (SEM) was deployed for port competitiveness impact assessment concerning logistic
performance, competitiveness, and EoDB factors. Additionally, this study examines how
country-level income acts as a moderating variable in these relationships.

Following this introduction, Section 2 reviews related literature, then Section 3 unpacks
the developed model and tested hypotheses. Section 4 outlines the methodology deployed
for data collection and statistical analysis. Section 5 presents and analyzes the empirical
findings and conclusions from hypothesis testing, while Section 6 discusses these outcomes.

2. Literature Review

Ports are vital hubs in global cargo and logistics, contributing immensely to macroe-
conomic development by interfacing between overseas and domestic producers and con-
sumers and facilitating the flow of capital, products, people, and data. Therefore, a compre-
hensive analysis of port sustainability, including warehousing and logistics in relation to
emerging technologies, is necessary to understand their competitiveness and infrastructure
requirements [23].

Port competitiveness is essentially defined as the ability of a port to acquire compara-
tive advantages in terms of products, infrastructure, and services [24]. Over recent years,
the competitiveness of the global port market has increased greatly, and various instru-
mental factors have been discerned, with new types of data being utilized to encompass
a broader understanding of what port competitiveness can entail [25–29]. Port services
and capabilities are affected by internal management and external factors such as national
and international political, legislative, and economic considerations, and logistics (e.g., the
length of maritime journey from one port to another, and the ports connectedness with
inland transportation networks and infrastructure) [30,31]. Internal operational factors
include tariffs levied by ports, processing and handling times, and onward and incoming
terrestrial, maritime, and air transportation routes, etc. [15,32–37].
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Other studies have offered various indices for the evaluation of ports’ competitiveness,
including a variety of pertinent considerations [38–43]. For example, Yeo et al. [36] advo-
cated seven fundamental considerations, encompassing the services and regional centers
of ports, interior conditions, logistic efficiency, and the connectivity and convenience of
related infrastructure in relation to South Korean and Chinese ports. Ha and Yang [44]
identified a hierarchy of six dimensions including 16 particular KPIs for ports’ performance,
with 60 total indices of port competitiveness. A systematic review by Parola et al. [43] en-
compassing major peer-reviewed international journals for the period 1983–2014 identified
the main competitiveness drivers of ports as costs, connectivity to the interior, position
relative to global markets, operational technology and infrastructure (and their efficiency),
maritime and nautical connectivity and accessibility, quality of service, and specific site
issues.

Based on the potential instrumentality of such diverse factors and approaches, various
studies have proffered differing methodologies to assay global and local competitiveness
among ports [44–49]. For example, Da Cruz and de Matos Ferreira [50] evaluated the
efficiency of maritime ports in Spain and Portugal, finding that cargo amount was not
an overwhelming determinant. Chen et al. [47] adopted global positioning system (GPS)
traces and maritime open data to effectively monitor port performance. Ren et al. [49]
developed a new “multi-attribute decision analysis method” to determine competitiveness
at Shanghai, Hong Kong, and Singapore, and they found that the former could outperform
the two other ports by leveraging effective market share ratio in the coming decade.

Other studies used the global maritime transport network (GMTN), including Peng
et al. [23], who deployed it to analyze three normative transport networks for cargo vessels
(bulk carriers, container ships, and oil tankers), leading to the conclusion that while some
ports performed well in all studied categories, others varied greatly in terms of their
network type. Ducruet [51] analyzed GMTN data from 1977 to 2008, finding that network
growth and concentration in relation to key hubs rendered traffic distribution dependent
on established ports’ retrenched position.

Conversely, the competitiveness of ports is usually evaluated concerning both local
socioeconomic profiles and prevailing geographical conditions, which converge to shape
ports’ operational status. For instance, individual wharves were the main focus of tradi-
tional port development, but combined ports’ development and the nexus of advanced
technologies offer a paradigm shift in flows of capital, technologies, and data, in addition
to the more efficient distribution of goods internationally and regionally. Consequently,
analyzing port status with market share ratio is important to assess net competitiveness [23].
Munim and Saeed [52] conducted a systematic literature review collected from the Web
of Science database investigating articles on how port competitiveness evolved based on
maritime literature from 1990 to 2015. The seven main factors identified in their study were
port competition, efficiency, institutional transformation, pricing, embeddedness, choice,
and cooperation.

Wan et al. [53] developed a model to evaluate the risk factors of maritime supply
chains by investigating a real case of a world-leading container shipping company. The
study found that the most critical risk factors are the transportation of dangerous products,
fluctuations in fuel prices, hard competition, unattractive markets, and fluctuations in
exchange rates. A recent analysis of Indonesian ports concluded that port competitiveness
significantly relies on government and business support as well as operational perfor-
mance and that the operational performance of national ports is particularly important in
competitiveness [24].

Munim et al. [54] investigated the container market in Bangladesh, due to the unique-
ness of its regional context and factors of competitiveness. The study developed a novel
approach to evaluate the competitiveness of transshipment ports on seven major dimen-
sions: connectivity, port facility, efficiency, cost factor, policy and management, information
systems, and green port management. These various factors are fundamental in con-
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temporary strategic visions and business models for port competitiveness [55] and in
macroeconomic development for nations and the global economy in general [56].

The intensification of competition due to globalization, container isolation, the integra-
tion of markets, and global flows of labor and capital have fundamentally altered container
port governance, operations, and competitiveness [55]. Many researchers have studied the
competition of port systems [24,57–60]. Additionally, the performance of seaports is shaped
by profit maximization imperatives in the face of fierce local and global competition [61].
Trade connectivity can be contextualized with a triad of interdependent dimensions: (1)
maritime networks (i.e., shipping characteristics and performance at sea); (2) port efficiency
per se; and (3) “hinterland connectivity,” referring to the various stakeholders involved in
supply chains and local and national economic activities intersecting with ports.

Policies that function effectively for one dimension of port management may be coun-
terproductive in relation to others, and holistic approaches encompassing all dimensions
are naturally preferred [62]. Trade connectivity dimensions’ efficiency and growth drivers
vary and may span multiple dimensions, but industrial strategies of shipping lines remain
the core maritime network drivers. Serious global actors (e.g., Compagnie Générale Mar-
itime, Maersk, and Mediterranean Shipping Company) have been consolidating operational
strategies to converge on a “hub-and-spoke” system, oriented toward regions and feeding
into secondary Mediterranean ports. Numerous studies were conducted to examine the
port competitiveness in the region, highlighting the need for ports to invest in infrastruc-
ture, enhance operational efficiency, adopt new technologies, and navigate geopolitical and
economic challenges to remain competitive in the global maritime industry [11,63,64].

3. Proposed Model and Hypotheses

This study constructs a conceptual framework to assess the effects of country-level
logistic performance, competitiveness, and EoDB dimensions on the SoPC using country-
level income as a moderator. Figure 1 displays the envisioned constructs and hypothesized
relationships between them, as discussed below.

Figure 1. Proposed model.

3.1. Logistic Performance Dimensions

The association between logistic performance and port competitiveness is fundamen-
tal, whereby improving a country’s logistic performance enhances the competitiveness of
its ports. Logistic performance influences a port’s efficiency, reliability, and ability to handle
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cargo effectively. Efficient logistics can reduce costs, improve service quality, and attract
more shipping lines and cargo, thereby enhancing a port’s overall competitiveness [65–68].
The logistic performance dimensions used in this study are explained below.

3.1.1. Customs

An extensive number of studies have found a positive relationship between customs
procedures as the main components of logistic performance that affect port competitive-
ness [62,69]. Inefficient customs procedures increase costs and hinder trade and cargo
shipments. Although tariffs for maritime containers have been significantly reduced due to
the prevalence of larger container ships, the costs of onward (i.e., inland) transportation
from ports remain relatively expensive [62]. Most studies examining the relationship be-
tween customs procedures and port competitiveness focused on regional contexts without
looking into country-specific or other factors, like customs digitalization and integration
with global trade networks, which can further improve port competitiveness. In addition,
the majority of existing research focuses on high-income countries with already efficient
customs systems, while few studies on how to improve customs efficiency have been
conducted in low- and middle-income countries [70–73].

3.1.2. Timeliness

Timeliness refers to the ability to deliver goods or services within a specified period,
ensuring that cargo handling, customs clearance, and overall transportation are completed
without delays. Timeliness is critical for time-sensitive goods and is a key factor in deter-
mining the efficiency and reliability of a port or logistics system [70,74,75]. Therefore, ports
that ensure timely handling, processing, and delivery of cargo attract more shippers and
cargo flows, leading to higher efficiency, reduced costs, and better customer satisfaction.
Delays, on the other hand, reduce a port’s competitive advantage by increasing uncertainty
and costs for users [76,77]. Thus, improving timeliness in logistic performance can enhance
port competitiveness in different regional and economic contexts.

3.1.3. Tracking and Tracing

Tracking and tracing concern the ability to monitor and follow the progress and loca-
tion of goods throughout the supply chain from origin to final destination. Studies show
that ports that enhance tracking and tracing reduce delays and ensure timely deliveries,
which in turn boosts competitiveness [78]. Tracking and tracing enable companies to moni-
tor the movement of goods and ensure timely delivery, improving their competitiveness
in the market [79]. Similarly, technologies such as electronic data interchange (EDI) and
tracking and tracing systems employed in container terminals are expected to improve
port competitiveness [80]. Based on the previous discussions on the links between port
competitiveness and logistic performance dimensions, this study hypothesizes that:

H1: Improving logistic performance dimensions enhances national competitiveness.

H2: Improving logistic performance dimensions affects a country’s EoDB positively.

H3: Improving logistic performance dimensions enhances the SoPC.

3.2. Competitiveness Dimensions

Competitiveness can be evaluated at various levels (e.g., countries, governments, or-
ganizations, and individuals). In the context of ports, economic performance, management
efficiency, and infrastructure are widely recognized as core metrics of national competi-
tiveness [1]. Many studies have historically tied port competitiveness to user perceptions
and traditional metrics [81,82]. However, Parola et al. [43] expanded this understanding
by incorporating additional factors such as cost, connectivity, location, services, logistics,
inland transport, infrastructure, operational efficiency, and service quality.
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This study extends the focus to include the broader structural and operational aspects
of port competitiveness while highlighting the importance of professionalization of port
officers [83]. Enhancing professional skills in areas like green port management can lead to
gains in operational efficiency and sustainability, contributing to both short- and long-term
competitiveness. The chosen competitiveness dimensions for this study reflect an integrated
approach to the SoPC. Below, we provide a detailed explanation of these dimensions and
their specific relevance to port competitiveness.

3.2.1. Institutions

Strong institutions provide the regulatory and governance framework necessary for
stable and predictable business operations, which directly influence the SoPC. When gov-
ernance is effective, it attracts foreign and domestic investment, enhances operational
transparency, and ensures compliance with international standards. For example, a well-
governed port with clear regulations and secure property rights facilitates smoother trans-
actions, faster logistic processes, and better coordination among stakeholders [62]. Ad-
ditionally, the institutional environment affects how other factors—like connectivity and
location—are leveraged to improve port competitiveness. Effective institutions can there-
fore amplify the impact of infrastructural investments or mitigate risks associated with
geographical location. Empirical evidence has developed and validated scales for the
measurement of the quality of institutions [73,84]. However, other studies have examined
the link between institutions and port competitiveness separately [85,86].

Notwithstanding the important developments offered by reviewed studies, more
examination is needed concerning the impacts of institutions on port competitiveness in
different regions and contexts. There is limited research on how government policies,
institutional quality, and regulatory environments interact with other factors to influence
port competitiveness.

3.2.2. Infrastructure

Infrastructure is a cornerstone of port competitiveness, influencing both operational
efficiency and long-term strategic viability. The ongoing development of port facilities,
technology, and connectivity affects port performance and competitiveness [4]. The quality
of infrastructure affects transport costs, trade efficiency, and overall SoPC. Investments
in inland terminals, logistic zones, and rail networks, as noted by [62], can expand a
port’s influence beyond its traditional hinterland. However, infrastructure is only one
aspect; geographic location and connectivity also play crucial roles. Ports situated in
strategic locations with strong inland and coastal links have a competitive advantage,
underscoring the need to consider location as a moderating factor in infrastructure’s
contribution to the SoPC. High quality and functional infrastructure are essential for port
competitiveness. However, such investment is never risk-free, and even the best ports
in terms of infrastructure are vulnerable to market and political externalities [87]. Other
factors affect port efficiency, which is closely linked to infrastructure quality that reduces
transport costs and enhances trade [70].

3.2.3. Macroeconomic Environment

A country’s macroeconomic environment is intricately linked to its ports’ performance
and competitiveness. Factors like inflation, exchange rates, and economic stability influence
trade flows, investment, and thus the SoPC. Moreover, the macroeconomic environment
interacts with social factors like education and income disparity. For example, a skilled labor
force can enhance operational performance and support the adoption of new technologies,
further strengthening the SoPC. Conversely, income disparity can limit access to skilled
labor or create social challenges, potentially weakening the macroeconomic foundation for
port competitiveness. Lirn et al. [88] demonstrated how a stable macroeconomic context
can increase a port’s attractiveness. However, the influence of these factors is moderated
by elements like education levels, which affect the skill quality of the labor force in port

27



Sustainability 2024, 16, 11198

regions, and income disparity, which can impact the overall socioeconomic stability of
port operations. This study highlights the need to explore these connections in different
economic contexts, particularly in developing regions where volatility may alter these
dynamics [89,90].

3.2.4. Market Size and Efficiency

The relationship between market size and port competitiveness has been demonstrated
in large markets, mainly in developing countries. Market size is closely linked to a port’s
geographical location and connectivity: ports situated near major trade routes or large
consumer markets have a natural advantage in attracting cargo. Studies show that larger
markets lead to higher accessibility to trade networks, container throughput, and better
utilization of port infrastructure [91–93]. Arvis et al. [62] adumbrated seven indicators
instrumental in ports’ market share, the most significant of which were interconnectivity
with the inland and destinations, road distance, and volume of throughput. Political
stability, cultural considerations, and environmental policies also play a role in determining
market size and efficiency [94–101]. Alongside such universal factors, a new trend of
environmental protection has emerged, such as regulations on environmental issues and
consumer and regulatory requests that logistics should be increasingly green. However,
most related studies that provided criteria for port competitiveness did not systematically
categorize them. For instance, Murphy et al. [102] and Wiegmans et al. [99] classified
different groups of factors, but they did not prioritize, measure, or compare them. Based
on the previous discussions on the link between port competitiveness and competitiveness
dimensions, this study hypothesizes that:

H4: Improving national competitiveness positively enhances the SoPC and overall economic perfor-
mance.

3.3. Ease of Doing Business Dimensions

EoDB refers to a set of indicators developed by the World Bank to measure how
conducive a regulatory environment is for business operations in different countries [73].
EoDB dimensions such as trading across borders, enforcing contracts, protecting minority
investors, and dealing with construction permits are directly linked to port competitiveness,
because efficient regulatory and operational environments in a country make it easier for
ports to facilitate trade. According to the World Bank [73], EoDB tends to be more efficient
in handling cargo, leading to increased competitiveness in the global logistics network. The
EoDB dimensions used in this study are explained below.

3.3.1. Protecting Minority Investors

Ports that ensure good corporate governance and protect minority investors are seen
as more stable and trustworthy, which can attract global shipping companies [103], thus
protecting minority investors to attract investment, fostering good corporate governance,
and enhancing port competitiveness [73].

3.3.2. Trading Across Borders

The ease of trading across borders influences port competitiveness significantly, and
ports with efficient logistics and streamlined trading procedures facilitate international
trade to compete for global cargo flows [104]. On the other hand, enhanced customs
procedures and reduced trade costs attract international shipping lines and traders, which
enhances their global competitiveness.

3.3.3. Enforcing Contracts

Enforcing contracts ensures that disputes related to port services, contracts with
shipping companies, or logistic operators are resolved promptly, maintaining port reliability
by investors and shipping companies. Ports with efficient operations and high scores in
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enforcing contracts are better to handle larger cargo volumes, improve shipping schedules,
and reduce costs for shippers [105].

3.3.4. Dealing with Construction Permits

The dimension of dealing with construction permits has direct impacts on port com-
petitiveness by influencing the speed, cost, and quality of infrastructure development. This
dimension is linked with regulatory ecosystems and shows how easy it is for investors
to start and operate a business in different countries. Building on previous discussions,
ports operating in countries with streamlined regulations, efficient customs procedures,
and supportive business environments are more competitive globally. The ease with which
businesses can operate and trade affects how efficiently ports handle cargo and serve
international markets. Consequently, this study posits that:

H5: EoDB enhances the SoPC and overall economic performance.

3.4. National Income Level

The relationship between national income and port competitiveness has been explored
through various theoretical lenses, demonstrating how income levels can influence LPI,
GCI, and EoDB in relation to port efficiency. Previous studies show that the effects of
income levels on port competitiveness vary significantly between low-income and high-
income countries, influencing their investment capacity, workforce skills, technological
adoption, and strategic focus, with high-income countries emphasizing advanced infras-
tructure and innovation, while low-income countries prioritize cost-effective, foundational
improvements [106,107]. Generally, higher national income levels are associated with
increased investment in infrastructure, enhancing port operations and services, and im-
proving competitiveness [107,108]. Research indicates that as national income rises, ports
are better positioned to optimize their logistic capabilities and operational efficiencies,
contributing to an advantageous competitive stance in global trade [72].

This supports the notion that income levels play a positive role in moderating the
connection between a nation’s overall competitiveness and its port competitiveness, as
wealthier countries can invest in advanced technologies and facilities that enhance port
services while also lowering operational costs. On the other hand, some experts suggest
that the advantages of rising national income may not necessarily lead to improved port
competitiveness across the board [109]. In lower-income countries, for example, even when
national income increases, challenges such as bureaucratic inefficiencies and insufficient
regulatory frameworks can hinder the effective use of resources intended for port develop-
ment [110,111]. Therefore, while higher national income has the potential to improve port
infrastructure and services, the realization of these benefits is critically dependent on the
wider economic environment and the effectiveness of governance structures. Hence, this
study hypothesizes that:

H6: Income level moderates the relationship between logistic performance and port competitiveness.

H7: Income level moderates the relationship between EoDB and port competitiveness.

H8: Income level positively moderates the relationship between a country’s competitiveness and
port competitiveness.

3.5. Proposed Model

This study analyzes “port competitiveness” in multiple dimensions, arguing that the
SoPC and the drivers thereof are significantly determined by notable developments in the
maritime industry. Thus, building on previous literature, the current study posits that LPI,
GCI, and EoDB are a function of interrelationships between the study constructs. Figure 1
shows the expected relationships between these factors.
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4. Materials and Methods

4.1. Data Collection

This study utilized SEM with Smart PLS 4 to assess the effects of country-level com-
petitiveness, logistic performance, and EoDB on the SoPC. The model was developed by
integrating various factors of competitiveness, logistics, and EoDB factors to test their col-
lective and individual influences on port competitiveness across 17 countries in the MENA
region, classified according to their income level as per the World Bank classification: Alge-
ria, Bahrain, Egypt, Iran, Israel, Jordan, Kuwait, Lebanon, Malta, Morocco, Oman, Qatar,
Saudi Arabia, Tunisia, Turkey, United Arab Emirates, and Yemen. These countries were
chosen based on their level of income according to the World Bank classification and their
trade routes’ connectivity, connections with international markets, and port availability.
This comprehensive approach enables an in-depth assessment of how different income
levels interact with critical logistic and economic factors, thus offering valuable insights
into port competitiveness across varied economic landscapes. The study also included
path analysis corresponding to H1–H8. These relationships suggest that increasing country
competitiveness, logistic performance, and EoDB factors increase the SoPC. While SEM is
considered a confirmatory technique, it also extends the possibility of relationships among
the latent variables and encompasses two components: a measurement model (essentially
CFA) and a structural model [112]. The applicability of port competitiveness factors to this
study was investigated by applying CFA to test the hypotheses.

4.2. Measurement Items

A 14-item scale was developed by the researchers, derived from the World Economic
Forum (WEF), GCI, LPI, and EoDB. The sustainability of the port competitiveness scale
was measured using the weighted average of three different indices published by WEF,
namely, the linear shipping connectivity index (with maximum value in 2004 = 100), quality
of port infrastructure (with scores ranging from 1 = extremely underdeveloped to 7 = well
developed and efficient by international standards), and international shipments. Country
competitiveness uses a five-item scale derived from GCI. Logistic performance uses a
five-item scale derived from LPI. EoDB uses a three-item scale derived from EoDB. All
indicators were standardized on a five-point scale to be consistent with the study context.
The most recently available data were used in this study, encompassing the years 2010, 2012,
2014, 2016, 2018, and 2022. The selected period ensured comprehensive and consistent
data across all key factors influencing port competitiveness, including logistic performance,
economic indicators, infrastructure development, and geopolitical impacts, encompassing
a period marked by significant geopolitical events and conflicts in the MENA region.

Exploratory factor analysis (EFA) involved item-to-total correlations for 14 items, with
all items showing satisfactory correlations. Subsequently, employing a principal component
and varimax rotation resulted in the retention of 14 items and the identification of 4 factors
suitable for EFA. The results for the Kaiser–Meyer–Olkin (KMO) measurement (0.708) and
Bartlett’s test of sphericity (reaching significance at the 0.001 level) (as shown in Table 1)
confirmed that the data exhibited significant inherent correlations for EFA. The scree plot
indicated a four-factor solution with 14 items as the optimal solution, accounting for 86.14%
of the total variance in the factor pattern.

Table 1. KMO and Bartlett’s test.

Kaiser–Meyer–Olkin (KMO) 0.708

Bartlett’s test of sphericity
Approx. Chi-Squared 2437.651

df 171

Sig. 0.001

Table 2 shows that the reliability testing of the constructs utilizing Cronbach’s alpha
(CA) and composite reliability (CR) revealed that all constructs surpassed the 0.70 threshold
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recommended by Sarstedt et al. [113]. In addition, our assessment of convergent validity by
determining AVE values revealed that all values exceeded the 0.50 threshold recommended
by Henseler et al. [114].

Table 2. Factor loadings.

Indicators Outer Loading Composite Reliability Cronbach’s Alpha AVE

Ease of doing business (EoDB)

0.953 0.956 0.878
Protecting minority investors 0.932

Trading across borders 0.881

Dealing with construction permits 0.986

Enforcing contracts 0.945

Country competitiveness

0.775 0.779 0.598
Infrastructure 0.802

Macroeconomic environment 0.711

Institutions 0.819

Market efficiency 0.757

Port competitiveness

0.955 0.956 0.917
International shipments 0.976

Liner shipping connectivity 0.926

Quality of port infrastructure 0.970

Logistic performance

0.917 0.919 0.859
Timeliness 0.944

Tracking and tracing 0.945

Customs 0.890

Additionally, we conducted Fornell–Larcker and heterotrait–monotrait (HTMT) ratio
tests to assess discriminant validity. The HTMT ratio results showed acceptable values
below the 0.80 threshold, as shown in Tables 3 and 4.

Table 3. Fornell–Larcker and heterotrait–monotrait ratio tests.

Indicators Country Competitiveness EoDB Logistic Performance Port Competitiveness

Country competitiveness ---------------

EoDB 0.259 --------------

Logistic performance 0.419 0.142 ---------------

Port competitiveness 0.454 0.51 0.399 -----------------

Table 4. Discriminant validity regarding Fornell–Larcker criterion.

Indicators Country Competitiveness EoDB Logistic Performance Port Competitiveness

Country competitiveness 0.773

EoDB 0.175 0.937

Logistic performance 0.353 0.13 0.927

Port competitiveness 0.392 0.488 0.375 0.958

Note: The square roots of the AVE are presented as bold values along the diagonal.
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4.3. Hypotheses Testing

The structural model was calculated using the bootstrapping technique, and the
hypothesized relationships were developed based on theoretical and empirical research.
Table 5 shows the results of the hypothesis testing: it shows that the model fit is significant,
with an SRMR value of 0.035. Additionally, the determination coefficient (R2) value is
greater than 0.25 [115]. These findings indicate that 50.4% of the variance in the SoPC was
explained by country competitiveness, country logistic performance, and EoDB. Further-
more, the Q2 value was higher than zero, demonstrating the significance and predictive
relevance of the study model [116].

Table 5. Model fit.

Predictor(s) F2 VIF Outcome R2 Adj. R Q2 Predict SRMR

Country competitiveness 0.093 1.327

Port competitiveness 0.504 0.474 0.134 0.035Country logistic
performance 0.084 2.494

EoDB 0.117 3.068

5. Results

The findings in Figure 2 show that country logistic performance has a significant and
positive impact on the following factors: country competitiveness (β = 0.353, t = 4.485,
p ≤ 0.000), EoDB (β = 0.130, t = 2.780, p ≤ 0.000), and SoPC (β = 0.317, t = 3.485, p ≤ 0.001).
Concerning H4, the results indicate that country competitiveness has a positive and sig-
nificant impact on the SoPC (β = 0.239, t = 2.146, p ≤ 0.05). EoDB also has a positive and
significant impact on port competitiveness (β = 0.424, t = 4.042, and p ≤ 0.001). Thus, we
accepted the direct relationships of H1, H2, H3, H4, and H5 (Table 6).

Figure 2. Proposed model.
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Table 6. Results of the direct hypotheses.

Structural Path Unstandardized Beta SD T Statistics p Values H

Logistic performance → Country
competitiveness 0.349 0.078 4.55 *** H1

Logistic performance → EoDB 0.130 0.101 2.780 *** H2

Logistic performance → Port
competitiveness 0.326 0.091 3.485 *** H3

Country competitiveness → Port
competitiveness 0.243 0.111 2.146 0.032 * H4

EoDB → Port competitiveness 0.417 0.105 4.045 *** H5

Note: SD = standard deviation, p < 0.05 *, p < 0.001 ***.

In addition, the study explored the influence of national income level on the relation-
ship between independent variables (country logistic performance, country competitive-
ness, and EoDB) and the SoPC. The findings revealed that national income level moderates
the relationship between country competitiveness and port competitiveness. It showed a
positive and significant effect with a coefficient of 0.391, a t-value of 4.075, and a p-value of
less than 0.05. However, the study found that the moderation role of national income level
on the impact of the country’s logistic performance and EoDB on port competitiveness was
not significant, leading to the lack of support for hypotheses H6 and H8 (Table 7).

Table 7. Results of the moderation hypotheses.

Structural Path Standardized Beta SD T Statistics p Values

Country x logistic performance → Port
competitiveness 0.069 0.095 0.700 0.484

Country x country → Competitiveness port
competitiveness 0.384 0.096 4.075 ***

Country x EoDB → Port competitiveness 0.082 0.084 1.148 0.251

Note: SD = standard deviation p < 0.001 ***.

Figure 3 demonstrates the interaction between country income level and country
competitiveness and the relationship between country competitiveness and port competi-
tiveness. The results show that in high-income countries (green line), an increase in country
competitiveness notably improves port competitiveness. In contrast, in low-income coun-
tries (red line), higher country competitiveness appears to reduce port competitiveness.
This could be caused by resource allocations toward sectors perceived to be more directly
tied to economic growth, such as urban development or manufacturing, rather than toward
improving port infrastructure. For countries with average income (blue line), the associa-
tion is relatively neutral, with a small positive trend. These findings indicate that country
competitiveness is influenced by national income in terms of the impact it exerts on the
SoPC.
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Figure 3. The moderating role of country income level.

6. Discussion

A country’s income level plays a significant role in determining how its competi-
tiveness affects the SoPC. It can also show how ports in different regions can respond
and recover from geopolitical disruptions and risks. The ability of ports to respond to
these risks is mainly determined by the level of port competitiveness, which is due to
differences in infrastructure quality, financial resources, technological capabilities, and
institutional stability. The capabilities of ports in the MENA region, with the ongoing chal-
lenges posed by the conflicts in Ukraine and Gaza along with the evolving dynamics of the
IME corridor, underscore the need for ports to continuously upgrade their infrastructure,
integrate advanced technologies, and develop tailored strategies to maintain their global
competitiveness.

This study’s findings confirm that the SoPC is closely linked with the country’s logistic
performance, competitiveness, and EoDB, but the associated effects vary significantly across
countries by income. In low- and high-income countries, an increase in country competi-
tiveness reduces or improves the SoPC (respectively), while in middle-income countries,
the association is relatively neutral (with a small non-significant positive trend). Moreover,
a country’s logistic performance has a significant and positive impact on the EoDB and
on the country’s competitiveness. An important finding for low-income countries that
affects port competitiveness is that resource allocation is typically skewed toward sectors
perceived to be more directly tied to economic growth than ports. The findings suggest
that low-income countries should adopt a balanced approach to economic development,
ensuring that gains in national competitiveness are aligned with targeted investments in
port infrastructure and capabilities for long-term economic development. This requires
prioritizing port modernization, enhancing logistic networks, and providing training for
port staff to avoid performance decline. It also highlights the need for supportive govern-
ment policies that facilitate investments in maritime infrastructure, and the importance of
international partnerships and capacity-building programs aimed specifically at ports in
developing economies.

These findings must be interpreted in light of countries at all different income levels
facing global competition, as well as unequal challenges related to infrastructure, technol-
ogy, green practices, and financing [117]. In addition to disrupting trade, conflicts have
highlighted the need for effective risk management strategies to maintain port competitive-
ness [9]. Furthermore, the establishment of new trade routes may also shift trade flows and
impact port activities, highlighting the need for strategic adjustments in the post-war era.
Low-income countries can benefit from international support and cost-efficiency-focused
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strategies. Likewise, middle-income countries must balance rapid growth with technologi-
cal and environmental considerations, while high-income countries focus on innovation
and maintaining advanced infrastructure.

By improving port infrastructure and operations, countries can enhance their logis-
tic performance, overall competitiveness, and business environment. Tailored strategies
that consider the economic context of low-, middle-, and high-income countries are es-
sential for optimizing port performance and fostering sustainable economic growth. For
low-income countries, enhancing port infrastructure and logistic efficiency can improve
the SoPC. For middle-income countries, balancing growth with sustainable practices can
enhance the SoPC. In addition, investment in modernizing ports and improving regulatory
environments can lead to better performance in logistics, competitiveness, and business
operations. For high-income countries, continuous innovation and infrastructure main-
tenance are key to sustaining port competitiveness. High-income countries must focus
on integrating advanced technologies and maintaining regulatory efficiency to uphold
their competitive edge. Therefore, high-income countries must continuously invest in
maintaining and upgrading their advanced port infrastructure to stay competitive. This
includes addressing aging facilities and integrating new technologies. As a result, port
managers operating in countries with different income levels must prioritize strategic
investments in infrastructure, professional training, and sustainable practices to improve
efficiency and competitiveness. They can strengthen operational performance by adopting
advanced technologies and green approaches and mitigate risks while fostering stronger
partnerships.

By focusing on long-term growth, managers can align investments with industry
trends, benchmark performance, and introduce innovative services to ensure continued
success in a competitive environment. This study contributes to the literature by showing
how ports in different regions and income levels respond to changes in logistic performance,
competitiveness, and EoDB dimensions over time. The main limitations of this study are
related to the availability of data over recent years and the inclusion of all dimensions in
the model. Future studies should focus on comparative case studies from low-, middle-,
and high-income countries to examine how these dimensions enhance the sustainability
of ports’ competitiveness. Furthermore, other dimensions such as insolvency, credit, and
improved technology might be included in the model to increase reliability.
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Abstract: This study examines the impact of emerging transport trends on the Western Balkans
and their potential to improve the sustainability and efficiency of the transport sector in the region.
In the context of global efforts to reduce environmental impacts and improve transport safety, the
study aims to better understand the perspective of the business sector in order to align strategic
planning for the introduction of new transport technologies and practices with the expectations
of the business sector. Using a questionnaire-based survey on the Mentimeter platform, the study
gathers insights from 49 transport and logistics experts. The analysis uses violin plots and heat
maps to visualise the expected impact of the identified trends. The results show a consensus among
the experts that the emerging trends are likely to lead to a reduction in accidents, congestion, and
emissions, while at the same time increasing operating costs and investment in infrastructure. In
particular, trends such as alternative fuels, electrification, and smart city initiatives are highlighted as
important drivers for reducing emissions. The study concludes that while these trends are likely to
lead to the achievement of environmental and safety goals, they also lead to economic challenges as
operating costs increase and significant infrastructure investment is required. The study emphasises
the need for strategic investment, policy adjustments, and capacity building to lead the Western
Balkans towards a sustainable transport future.

Keywords: transport trends; congestion; accidents; infrastructure investment; operational costs;
policy adaptation

1. Introduction

Transport is an essential part of modern society. It enables the smooth movement of
people, goods, and services and plays a central role in global networking and economic
growth [1,2]. However, its significant impact on the environment, characterised by pol-
lution, accidents, and congestion, is a growing concern [3]. These negative impacts are
exacerbated by the sector’s vulnerability to unpredictable global events such as pandemics,
economic recessions, geopolitical tensions, and fluctuating energy prices [4,5]. These dy-
namics emphasise the urgent need for resilient transport systems supported by diverse
infrastructures that can adapt to changing circumstances.

In response to these challenges, the European Union (EU) has taken proactive steps
to promote a resilient and sustainable transport system [6]. Recognising the integral
role of transport in society and its impact on the environment, the EU has embarked
on a path towards sustainability and anchored these goals in ambitious initiatives such
as the Green Deal and the Fit for 55 programme [7,8]. These comprehensive strategies
aim to radically reshape the continent’s environmental landscape. They aim to achieve a
significant reduction in greenhouse gas emissions and a gradual transition to a carbon-free
society. EU policy focuses in particular on developing a transport system that takes into
account not only the environmental but also economic, social, and safety aspects [6]. The
EU’s approach is to improve the resilience and adaptability of transport infrastructure to
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withstand various types of disruptions, from natural disasters to socio-economic shocks [9].
This includes investing in sustainable and versatile modes of transport, such as electric and
hydrogen-powered vehicles, and improving public transport systems to reduce dependence
on private cars.

Furthermore, the EU’s vision is in line with the concept of Society 5.0, which envisages
a harmonious fusion of digitalization and environmental awareness. This forward-looking
approach is transforming the transport sector and emphasising the importance of inte-
grating sustainable practices into its core activities [10]. The introduction of intelligent
transport systems that utilise advanced technologies such as AI, IoT, and big data is central
to this transformation [11,12]. These systems improve the efficiency, safety, and sustain-
ability of transport while providing adaptable solutions for rapidly changing scenarios. In
addition, accessibility and inclusivity are important aspects of ensuring that all members of
society have equal access to efficient and sustainable transport options, regardless of their
socio-economic background. This is crucial for social cohesion, economic equality, and the
overall quality of life.

Despite the momentum of global initiatives to improve transport systems, their re-
gional impact needs to be carefully analysed. As Europe sets out to put these transformative
strategies into action, it becomes clear that the impact and feasibility of these initiatives
can vary greatly from region to region, as each region has its own unique challenges
and contexts [13]. This brings us to the specific focus of our study: the Western Balkans.
Distinct in its geographical and socio-economic characteristics, the Western Balkans is an
important area for analysing the implementation and effectiveness of EU transport policy.
Our analysis aims to shed light on how the Western Balkans, with their strategic impor-
tance and specific needs, can adapt to and benefit from the EU’s vision for a sustainable
transport future.

The Western Balkans, located at the crossroads of important cultural and trade routes,
have always been a nexus of various influences [14]. However, this strategic location has
not been fully reflected in a robust transport infrastructure. The region faces significant
infrastructure bottlenecks that hinder efficient mobility and economic growth [15,16]. Major
challenges include an underdeveloped road and rail network, limited transport corridors,
and inadequate maintenance of existing infrastructure. These inadequacies not only affect
regional connectivity but also the prospects for international trade and tourism. One
of the most pressing problems is the lack of comprehensive transport corridors. The
existing network is often characterised by missing links and sections that do not meet
modern standards, which affects the efficiency and safety of transport. This is particularly
evident in cross-border areas, where different standards and systems in different countries
further complicate the situation. The fragmentation of transport infrastructure hinders the
seamless movement of goods and people, which is a crucial factor for regional integration
and economic development [17].

In addition, the Western Balkans face low levels of transport and logistics services,
which is reflected in the region’s performance in various logistics indices, such as the
Logistics Performance Index (LPI). This is attributed to several factors, including inadequate
infrastructure, bureaucratic hurdles, inefficient customs procedures, and a lack of modern
logistics and supply chain management procedures [18–20]. As a result, the region is
struggling to attract significant foreign investment and effectively integrate into global
supply chains. The development of the transport sector in the Western Balkans must be
an urgent priority if integration into the EU is to be successful. This includes not only the
modernisation and expansion of physical infrastructure but also the implementation of
policy reforms to facilitate cross-border transport, the introduction of advanced logistics
and transport management systems, and the promotion of regional cooperation to ensure a
harmonised approach to transport challenges [21]. By addressing these issues, the Western
Balkans can capitalise on their geographical position, strengthen their role in international
trade, and pave the way for sustainable economic growth and regional integration.
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As can be seen, the Western Balkans face many challenges and are therefore worth
considering as a study case in the field of the transport sector. Many researchers have
dealt with transport issues in this region, but none of them are from the perspective of
emerging trends, especially from the perspective of the business sector. It has been shown
that business stakeholders have an advanced understanding of emerging technologies
and their likely impacts, as well as strategic practices, which could be of great benefit for
policymaking [22]. Their opinion is often not taken into account in this very demanding
process. For this study, a comprehensive but straightforward methodology was devel-
oped to gather stakeholders’ opinions and assess the most promising trends that could
drive the development of a sustainable transport system in the Western Balkans. In this
way, we provide, for the first time, a comprehensive overview of the expected impact of
emerging trends on emissions, congestion, accidents, operational costs, and infrastructure
investments, which can inform decision-makers and make an important contribution to
the discourse on sustainable transport from a regional perspective.

In the following sections, we provide an examination of the current transport land-
scape and a detailed analysis of key trends, including a literature review, and their potential
impact on sustainability in the Western Balkans. Through this comprehensive approach,
the study aims to provide valuable insights and practical recommendations for promoting
a sustainable and resilient transport ecosystem in the region that meets both regional
aspirations and global environmental goals.

2. Transportation System Trends—Literature Review

In order to understand the trends in the transport system, a comprehensive exami-
nation is required. For this study, we have analysed the academic literature to identify
the most frequently cited trends in this area. By examining existing research and stud-
ies, we have gained valuable insights into the direction in which transport systems are
evolving [23].

In this context, we analysed the identified trends in terms of their impact on two
important fronts. On the one hand, we assess their impact on congestion, accidents,
and emissions, as these are key indicators of the efficiency of a transport system and its
environmental impact. On the other hand, we assess the trends in terms of costs related to
infrastructure investments and operational expenses. This dual analysis is important to
understand not only the benefits of these trends in improving the transport system but also
their economic feasibility and their impact on future planning and development.

The identified global trends are presented in Table 1, which includes concise definitions
of opportunities for the advancement of the transport system, thereby contextualising
their significance. Furthermore, a curated list of the literature, reviewed for analysis, is
also presented.

Table 1 shows the diverse range of trends shaping the future of transportation. Each
trend represents a significant change in how transportation systems are designed, operated,
and experienced. From the electrification of vehicles and the digitization of traffic systems
to the development of intelligent transport systems and the adoption of new business
models, these trends collectively aim to enhance the efficiency, safety, and sustainability of
transport. While they offer substantial benefits, each also brings a set of challenges that
require thoughtful planning and investment to fully realise their potential in shaping future
transport systems.

The in-depth literature review focuses mainly on the expected impact on the transport
sector. Table 2 outlines the expected impact of each identified trend on various aspects,
such as congestion, accidents, emissions, operational costs, and infrastructure investment.
When assessing the impact, not only the aspect of increase or decrease is considered, but
also a scale ranging from ‘potential’ to ‘likely’, and ‘expected’ to ‘significant’. In cases
where divergent views are found in the literature, the term ‘varies’ is used to reflect these
discrepancies. In addition, temporal aspects were also identified in certain cases, taking
into account initial (meaning short-term) and long-term aspects.
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Table 1. List of identified trends and corresponding literature.

Trend Opportunities Literature

Electrification
Shift towards electric vehicles (EVs) to

reduce emissions and air pollution,
including EV infrastructure development.

[24–31]

Digitization

Integration of digital technologies like IoT
and AI into transportation for improved

traffic management and logistics
optimisation.

[11,12,26,27,32–34]

Automation
Incorporation of autonomous vehicles into
the transport system to increase efficiency
and reduce human error-related accidents.

[33,35–38]

Intelligent Transport
Systems (ITS)

Use of advanced technologies in
transportation infrastructure and vehicles
for improved traffic management, safety,

and efficiency.

[39–42]

Informatics Process
Application of IT and data analytics in

transport systems for optimised operations
and planning.

[43–50]

Change in Travel Habits
Shifts in preferences towards sustainable

transport modes and teleworking. [51–55]

Smart Cities and Communities
Development of urban areas integrating

digital technologies, including
transportation.

[10,43,44,56,57]

Increased Regionalisation
Creating shorter, localised supply chains to

reduce transport route pressure and
distances.

[58–63]

Alternative Fuels

Adoption of non-traditional fuels like
electricity, hydrogen, and biofuels in

transportation to reduce environmental
impact.

[64–68]

Development of Transport
Infrastructure

Expansion and modernisation of
infrastructure to improve transportation

efficiency and safety.
[69–73]

New Business and Logistics
Models

The emergence of new models like
e-commerce and shared mobility is changing

transportation demand and usage.
[22,74–80]

Transport Techniques and
Technology

Advances in vehicle design, traffic
management systems, and routing

algorithms.
[75,81–85]

Table 2. Assessment of trends and their influence on various transport aspects.

Trend Congestion Accidents Emissions Oper. Costs Infr. Invest.

Electrification
Potential
increase

Potential
decrease Significant decrease Long-term decrease High

initial increase

Digitization Significant decrease Likely
decrease Decrease Long-term decrease Considerable initial

increase

Automation
Likely

decrease Decrease Likely
decrease Long-term decrease High

initial increase

Intelligent
Transport S.

Decrease Decrease Decrease Long-term decrease Substantial
initial increase

Informatics Process Decrease Likely
decrease Decrease Long-term decrease Significant

initial increase

Change in Travel
Habits

Likely decrease Varies Decrease Varies Initial increase
(adoption)

Smart Cities and
Comm.

Decrease Decrease Decrease Long-term decrease High
initial increase
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Table 2. Cont.

Trend Congestion Accidents Emissions Oper. Costs Infr. Invest.

Increased
Regionalisation

Decrease in major
routes

Likely
decrease Decrease Varies Increase

(adaptation)

Alternative Fuels Varies Varies Significant
decrease Long-term decrease High

initial increase

Development of
Transport

Infrastructure
Varies Likely

decrease Varies Varies Considerable
increase

New Business and
Logistics Models

Varies Varies Varies Long-term decrease Adaptation needed

Transport
Techniques and

Technology
Varies Likely

decrease Decrease Varies Varies

As shown in Table 2, the trends identified through a comprehensive review of the
relevant literature show multiple implications for the transport sector. These trends not only
highlight the dynamic interplay between technological innovation, infrastructural change,
and societal shifts but also emphasise the evolving nature of transportation challenges and
opportunities.

The trend of electrification brings a significant reduction in emissions, a major benefit
of switching to electric vehicles (EVs), as highlighted in references [24–26]. However,
due to the increasing popularity of EVs, this trend could lead to more traffic congestion,
particularly in urban areas, due to the growing popularity of EVs, as noted in [27]. The
integration of advanced driver-assistance systems in EVs indicates a potential reduction in
accidents [28], although the need for significant investment in charging infrastructure is a
notable consideration [29]. Over time, a decrease in operational costs is expected due to the
higher energy efficiency of EVs [30,31].

Digitization, which includes the implementation of IoT and AI in traffic management,
is poised to reduce traffic congestion significantly [26]. Enhanced data analytics can lead to
more efficient transport and logistics processes and reduce the time vehicles spend on the
road, thereby also reducing emissions [11,32]. This trend is also likely to decrease accidents
by integrating advanced safety features into vehicles, as discussed in [12]. While the initial
investments in digital infrastructure are considerable [27], the long-term perspective points
towards reduced operational costs due to improved efficiency in transport logistics [33,34].

Automation, particularly the integration of autonomous vehicles, is expected to ease
congestion [35], decrease emissions and fuel consumption [36], and reduce accidents,
as these vehicles are designed to minimise human error [37]. Significant investments
in infrastructure are required to support this transition [38], but the promise of long-
term savings in operational costs due to reduced maintenance and fuel expenses is a key
factor [33].

Intelligent Transport Systems (ITS) are anticipated to decrease congestion and acci-
dents through enhanced traffic efficiency and safety features [39]. The implementation
of ITS contributes to a reduction in emissions by optimising traffic flow and vehicle op-
erations [40]. In addition, Cooperative Intelligent Transport Systems (C-ITS) enhance
these capabilities by enabling direct communication between vehicles and road infrastruc-
ture [41]. While the initial investment for ITS is substantial, the potential for long-term
operational savings is significant [39,42].

The informatics process involves using IT and data analytics to optimise transport
operations, expected to decrease congestion [43–45]. It also has the potential to improve
safety and reduce accidents through data-driven decision-making [46–48]. The reduc-
tion in emissions is another anticipated benefit [46], though the initial investment in IT
infrastructure and data systems is noteworthy [49,50].
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Changes in travel habits reflect a societal shift towards more sustainable transport
modes, likely to decrease congestion [51,52] and emissions [53]. The impact on accidents
and operational costs can vary depending on how transport infrastructure adapts to these
changing patterns [54]. This trend also indicates a need for investment in public transport
systems, cycle paths, and pedestrian walkways [55].

The development of smart cities and communities is expected to decrease urban
congestion through the application of digital technologies for traffic optimisation [44].
These technologies also contribute to reducing emissions and improving safety [10,43]. The
initial investment for developing smart city infrastructure is substantial [56,57] but is offset
by the potential for long-term operational savings [10].

Increased regionalisation suggests a decrease in congestion on major transport routes
as businesses shift to shorter, localised supply chains [58,59]. This change is also expected
to decrease emissions and may reduce the risk of accidents [60]. However, the impact on op-
erational costs [61] and the need for investment in regional transport infrastructure [62,63]
can vary.

The adoption of alternative fuels is likely to significantly reduce emissions [64], partic-
ularly when EVs are powered by renewable energy sources [65]. The impact of this trend on
congestion and accidents varies depending on the adoption rate and the characteristics of
alternative fuel vehicles [66]. The shift to alternative fuels requires considerable investment
in infrastructure, such as charging and fuel stations [67]. However, these initial significant
investments are offset by long-term operational savings due to the higher energy efficiency,
lower maintenance requirements of alternative fuel vehicles, internalisation of external
costs, and economies of scale [66,68].

The development of transport infrastructure can have varying impacts on congestion
and accidents, depending on the nature of the infrastructure and the extent of its develop-
ment [69]. This expansion is crucial for reducing congestion and improving road safety, but
it may also lead to increased traffic volumes and emissions [70,71]. The associated opera-
tional costs [72] and the need for investment in infrastructure development are significant
considerations [71,73].

New business and logistics models have the potential to change traffic patterns,
impacting congestion and accidents [74,75]. The increase in delivery vehicles due to e-
commerce, for example, may contribute to urban congestion [22,76]. However, innovations
in logistics efficiency could mitigate this impact [77,78]. The need for adjustments in
transport infrastructure to support these evolving models, along with their influence on
operational costs, is noteworthy [79,80].

Lastly, transport techniques and technology encompass advances in vehicle design
and traffic management systems [81–83]. While these advancements have the potential to
decrease emissions and improve safety, their impact on congestion and operational costs
varies [84,85]. The investment required in technology development and implementation is
an important factor in realising the benefits of these techniques [75].

3. Impact Assessment on the Western Balkans—Survey Methodology and Results

The methodology focuses on analysing the potential impact of various emerging
trends on different aspects of transport. The main objective is to understand how the trends
identified and explained in the previous section will affect congestion, accidents, emissions,
operational costs, and infrastructure investments from a business expert point of view.

3.1. Methods and Material

The study employs a questionnaire-based survey method, utilising the Mentimeter
platform for data collection (see Appendix A for the graphical results of the Mentimeter
survey). Each of the identified trends was orally presented before experts were asked to
evaluate the potential impact of each trend on congestion, accidents, emissions, operational
costs, and infrastructure investment for the period until 2030 on a scale of −3 to 3. A score
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of −3 indicated that a particular trend is expected to have a high influence on reducing
considered aspects, while a score of 3 indicated a high increase.

The main aim of the research is to uncover whether there is any specific trend that
will have a particularly high impact on a certain aspect. Conversely, the aim is also to find
out whether there is an aspect that will be particularly high across all trends. In essence,
this study provides a forward-looking examination of the complex interaction between
emerging trends and their potential impacts on different aspects of transport and logistics.
The findings are expected to provide valuable insights for researchers, policymakers, and
practitioners to enable informed decision-making for a sustainable and efficient future of
transportation.

The expert group was composed of 49 professionals, mainly from the business sector,
representing 76% of the total. In terms of experience, the majority of respondents had
more than 15 years of experience (42%), followed by those with 8–15 years (30%), 2–8 years
(26%), and a minority with less than 2 years (2%). In terms of educational qualifications,
most have a Master’s degree (57%), followed by a Bachelor’s degree (26%), and 8% each
have a PhD or other educational qualifications. Professionally, the experts were split
between Transportation and Traffic Engineering (47%), Economics and Law (28%), and
a combination of Civil, Mechanical, and Electrical Engineering (6%), with the remainder
(18%) coming from various other fields. Geographically, the vast majority were from
Serbia (82%), with the remainder from Bosnia and Herzegovina (6%), Montenegro (4%),
Macedonia (4%), and North Macedonia (2%).

The sample size for this study, comprising 49 experts mainly from the business sector
in the Western Balkans, provides a statistically sound basis for the analysis conducted.
While larger samples can often increase the generalizability of results, the sample size of
nearly fifty professionals is adequate for complex multivariate techniques, especially when
the respondents are subject matter experts. Given that these individuals bring a high level
of domain-specific knowledge, their insights are likely to be particularly informative and
nuanced, thereby increasing the relevance of the results. Furthermore, the homogeneity of
the respondents in terms of their professional background and regional focus increases the
contextual relevance of the study and makes it a valuable contribution to understanding the
impact of transport and logistics trends in this specific economic and geographical milieu.

3.2. Survey Results

In this section, we first discuss the statistical relevance of the survey, followed by an
analysis of the distribution of responses, as depicted in Figure 1, which shows a violin
plot across five aspects. Figures 2 and 3 show the median and mean distributions of the
responses, respectively. Finally, we present some partial results of the relationship maps.

Figure 1. Violin plot distribution of scores for each aspect across all trends.
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Figure 2. Median impact score heatmap of each trend on analysed aspects.

Figure 3. Mean impact score heatmap of each trend on analysed aspects.
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3.2.1. Statistical Relevance of the Survey

To assess the statistical relevance of the survey and its results, several statistical tests
were performed with SPSS (version 29.0, IBM, Chicago, IL, USA). For 12 trends and five
aspects, we used 7-point Lickert Scale questions (including a neutral option) to collect the
information on all 60 pairs that appeared in the survey. To test the reliability of all five
variables along the 12 trends, we used Cronbach’s alpha coefficient. A value of 0.912 was
obtained in this study. Please note that the results are considered reliable if the Cronbach’s
alpha is above 0.6 [86,87].

The factor analysis indicates that the selected factors are relevant for explaining the
variability of the assessed impacts. The commonalities across all 12 trends and the five
aspects (congestion, accidents, emissions, operational costs, and infrastructure investments)
are presented in Table 3.

Table 3. Communalities of aspects over the trends.

Trend Congestion Accidents Emissions
Oper.
Costs

Infr.
Invest.

Electrification 0.067 0.371 0.734 0.799 0.766
Digitization 0.726 0.676 0.375 0.779 0.785
Automation 0.630 0.799 0.370 0.729 0.736

Intelligent transport systems 0.670 0.636 0.473 0.718 0.717
Informatics process 0.842 0.898 0.611 0.684 0.719

Change in travel habits 0.628 0.766 0.548 0.304 0.955
Smart cities and comm. 0.765 0.758 0.707 0.791 0.757

Increased regionalisation 0.828 0.804 0.752 0.802 0.815
Alternative fuels 0.658 0.725 0.467 0.814 0.832

Dev. of transport infr. 0.800 0.732 0.731 0.026
New bus. and log. models 0.768 0.747 0.667 0.764 0.710
Transp. techn. and technol. 0.869 0.837 0.773 0.688 0.628

High commonalities, such as those observed for “Development of transport infrastruc-
ture” in congestion (0.800) and emissions (0.731), indicate a significant shared variance. On
average, the factors account for approximately 71.7% of the variance across all measures,
which is a robust indication of their relevance. Nevertheless, some trends, such as “Electri-
fication” and its influence on congestion, show low communalities (0.067), indicating more
complex relationships or external variables not captured by the analysis. Despite these
outliers, the statistical evidence broadly supports the pertinence of the selected factors in
transportation and logistics impact studies.

The Kruskal–Wallis test, a non-parametric statistical test, was used to compare the
medians across different categories of transportation trends. The summary of the results is
presented in Table 4.

Table 4. Kruskal–Wallis test.

Hypothesis Test Summary
Null Hypothesis: The Medians of

ASPECTS Are the Same across
Categories of Trend

Test
Significance

(p)
Decision (Null

Hypothesis)

1 ASPECT: Congestion Independent-Samples Median Test <0.001 Reject
2 ASPECT: Accidents Independent-Samples Median Test 0.002 Reject
3 ASPECT: Emissions Independent-Samples Median Test 0.074 Retain
4 ASPECT: Operational costs Independent-Samples Median Test 0.316 Retain
5 ASPECT: Infrastructure investment Independent-Samples Median Test 0.005 Reject

For the Kruskal–Wallis test, the expected significance level is p < 0.050. The test results
show significant differences in the medians for congestion (p < 0.001), accidents (p = 0.002),
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and infrastructure investment (p = 0.005), which leads us to reject the null hypothesis for
these variables. These results suggest that these particular aspects of transportation are
influenced by the trends in question. In contrast, the median for emissions (p = 0.074)
approached the threshold of significance (p = 0.05), suggesting a potential impact of trends
on emissions, whereas the median for operational costs (p = 0.316) showed no significant
difference, meaning that we cannot reject the null hypothesis. The latter emphasises that
operational costs are less relevant for selected trends.

3.2.2. Distribution of the Results

A violin plot presentation (Figure 1) is used to show the distribution of scores for
each transport aspect across different trends. Each “violin” represents one aspect. The
width of a violin at a given level represents the proportion of responses at that level, so a
wider section of a violin indicates a higher density of responses. The violin plot and the
heatmap (in continuation of the article) were created with Python (version 3.8), using the
data visualisation functions of the Seaborn library.

As can be seen from the violin plots, most experts believe that the trends will lead to
an overall reduction in accidents, congestion, and emissions while increasing operational
costs and infrastructure investment.

In the case of “Congestion”, “Accidents”, and “Emissions”, the median score is
∼
x = −1,

indicating a consensus among the experts that these trends will have a moderately positive
impact (i.e., a reduction) on these aspects. Specifically, the mean scores for “Congestion”,
“Accidents”, and “Emissions” are x = −0.88, −0.84, and −0.98, respectively. Furthermore,
the 25th and 75th percentiles for each of these subcategories are −2 and 0, indicating that
half of the scores lie within this range, demonstrating a moderate to strong belief in the
positive impact.

Some important differences can be observed in the violin charts of “Operational costs”
and “Infrastructure investment”. The median and mean score for “Operational costs” are
∼
x = 1 and x = 0.74, respectively, which indicates an expected increase in these costs. For
“Infrastructure investment”, the median score is

∼
x = 2 and the mean score is x = 1.47,

which implies a stronger belief in a significant increase in infrastructure investment. In
addition, the 25th and 75th percentiles for “Operational costs” are in the range from 0 to
2, while for “Infrastructure investment”, they are between 1 and 3. This indicates that
for “Operational costs”, experts’ opinions vary from no change to a substantial increase,
whereas for “Infrastructure investment”, there is a stronger consensus towards a moderate
to a large increase.

As can be seen, the median and mean scores vary between different aspects when all
trends are considered together. For a more detailed overview, first the median and then the
mean scores for each trend and each aspect are analysed as follows.

3.2.3. Median Impact Scores of Each Trend on Each Analysed Aspect

For the analysis of median impact, a heatmap is shown in Figure 2. The colour of each
cell in the heatmap corresponds to the median impact score, with blue colours representing
negative impact scores and red colours representing positive impact scores. The number in
each cell is the actual median impact score.

The analysis shows that the experts largely agree on the positive effects of most trends
on reducing traffic congestion, accidents, and emissions (

∼
x = −1). Exceptions are observed

for: “Alternative fuels” with a neutral impact on congestion and accidents (
∼
x = 0) and a

significant impact on reducing emissions (
∼
x = −2); “Electrification” with a neutral impact

on accidents (
∼
x = 0) and a significant impact on emissions (

∼
x = −2), and “Increased

regionalisation” with a neutral impact on congestion, accidents, and emissions (
∼
x = 0).

On the contrary, increased operational costs are expected for most trends (
∼
x = 1),

except for “Change in travel habits”, which is considered neutral (
∼
x = 0). Similarly,

significant infrastructure investments (
∼
x = 2) are expected for most trends (

∼
x = 2). In
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this case, “Change in travel habit”, “Increased regionalisation” and “New business and
logistics models” are expected to have a neutral impact (

∼
x = 0).

In summary, the heatmap analysis shows a consensus among the experts that the
trends analysed are expected to have the greatest impact on reducing emissions and
will have a major impact on infrastructure investment. The highest scores in relation to
this observation are recorded for “Electrification”, “Smart cities and communities” and
“Alternative fuels”.

3.2.4. Mean Impact Scores of Each Trend on Analysed Aspects

In addition to the median scores presented in the previous section, the mean impact
scores were also analysed. This approach makes it possible not only to recognise the most
likely impacts but also to understand potential extremes. This provides policymakers and
stakeholders with a more complex and robust understanding of future dynamics in the
sector to be considered for comprehensive strategic planning and risk assessment.

Also in this case, the heatmap (Figure 3) provides a graphical representation of the
impact score of each trend for each aspect. The colour of each cell in the heatmap this time
corresponds to the mean impact score, with blue colours representing negative impact
scores and red colours representing positive impact scores. The number in each cell is the
actual mean impact score.

As can be seen from Figure 3, the heatmap of the mean impact score represents a much
more differentiated situation. The following conclusions can be drawn for a particular
aspect:

• Congestion: “Smart cities and communities” (x =−1.27), “Transport techniques and
technology” (x =−1.24), and “Digitization” (x =−1.06) have the most negative mean
impact scores, which indicates considerable potential for alleviating traffic congestion;

• Accidents: “Transport techniques and technology” (x =−1.27), “Digitization” (x =−1.20),
and “Intelligent transport systems” (x =−1.06) have the most negative mean impact scores,
indicating a strong potential for reducing accidents;

• Emissions: “Electrification” (x =−1.59), “Alternative fuels” (x =−1.29), and “Trans-
port techniques and technology” (x =−1.27) have the most negative mean impact
scores, indicating a strong potential for reducing emissions;

• Operational costs: “Development of transport infrastructure” (x =1.29), “Smart cities
and communities’ (x =1.02), and “Automation” (x =0.84) have the highest mean
scores, implying that this trend will have the greatest impact on increasing operational
costs;

• Infrastructure investments: “Automation” (x =1.90), “Alternative fuels” (x =1.86),
and “Smart cities and communities” (x =1.82) have the most positive mean impact
scores, indicating the highest expected impact on infrastructure investment.

Experts firmly believe in “Transport techniques and technology” as a trend that is
expected to have a significant impact on all three negative aspects of transport: congestion,
accidents, and emissions. On the other hand, “Smart cities and communities” are expected
to have the greatest impact on operational and investment costs combined. Furthermore,
“Electrification” is expected to have the largest impact on emissions; “Transport techniques
and technology” is expected to have the predominant impact on accidents; and “Smart
cities and communities” are expected to have the greatest impact on congestion. In relative
terms, “Change in travel habits” is expected to have the most positive impact on congestion,
accidents, and emissions, while the need for infrastructure investment is rather modest.

3.2.5. Interpretation of the Relationship Map

SPSS version 29 also allows the functionality to create relationship maps in the form of
graphs, which enable the examination of connections between individual aspects for each
trend. The strongest relationships illustrate the prevailing opinion of the survey cohort
and consequently the most transformative changes in transport, according to the proposed
survey.
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The in-build algorithm counts the number of connections between nodes (in our case,
−3, −2, −1, 0, 1, 2, and 3) of different colours (in our case, aspects: accidents, congestion,
emissions, infrastructure investments, and operational costs) and returns a radius of a
node that is proportional to the number of links (edges in the relationship map graph).
In addition, the thickness of the links between the nodes is proportional to the number
of identical answers. The relationship map graphs were created for all 12 trends using
the following settings: the link size was 10 (the thickest link is 10 times wider than the
thinnest), and the threshold for the presented link between two nodes was the existence
of five connections between them. The node size is proportional to the number of links
connected to a given node. According to the above, for each trend in the corresponding
relationship map, the most significant relationships between different aspects correspond
to the thickest links between two nodes (see the example below). Using these settings, the
resulting graphs ensure clarity and readability for all 12 trends. For the sake of brevity, we
present only a relationship map for the electrification trend (Figure 4); for other trends, we
provide below just the main observations.

As seen from Figure 4 for the electrification trend, the strongest relationship is obtained
between congestion and infrastructure investment. Since this is the link between −3 and
+3, it indicates the inverse relation between emissions and infrastructure investment (thus,
increasing electrification results in reducing emissions on the one hand and is conditioned
by infrastructure investment on the other).

In examining the relationship maps between all emerging transportation trends and
their impacts on key sectoral aspects, we can identify some groups of trends that encapsu-
late the key patterns between aspects observed in the dataset.

The first group encompasses “Electrification”, “Automation”, and “Intelligent Trans-
port Systems”. These trends are unified by a salient relationship between a pronounced
decrease in emissions (−3) and an associated increase in infrastructure investments (+3).
The trends within this group represent a paradigm shift towards environmentally sus-
tainable transportation solutions that, while significantly reducing emissions, also require
substantial infrastructure outlays. Notably, “Intelligent Transport Systems” differenti-
ates itself within this grouping by additionally exerting a considerable negative impact
on congestion (−3), highlighting its dual potential to enhance not only environmental
sustainability but also traffic flow efficiency.

The second group is characterised by the trend of “Digitization” alone, which shows a
uniform reduction in congestion, accidents, and emissions (−2 for each), illustrating the
multifaceted efficiencies enabled by digital technologies, suggesting an ability to enhance
transportation systems in terms of safety, environmental impact, and traffic management
without precipitating a proportional increase in infrastructure expenditure. This indicates
the potential for digitalization to yield a high return on investment in the form of broad-
ranging sectoral improvements.

The third group, consisting of “Smart Cities and Communities”, demonstrates a
marked reduction in both congestion and emissions (−3 for each). This group suggests a
focus on leveraging technology within urban planning to optimise existing infrastructure
thereby presenting a potentially cost-effective approach to addressing urban transportation
challenges. Unlike the first group, this one does not correlate these benefits with a significant
rise in infrastructure investments, indicating an optimisation of current resources rather
than an addition of new ones.
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Figure 4. Relationship map for electrification trend.

The identification of these groups provides a reasonable framework for understanding
how each trend interplays with different aspects of the transportation sector. This group
analysis is instrumental for policymakers and urban planners as it identifies critical areas
for targeted investments and research, guiding strategic decision-making towards the
realisation of a more efficient, safe, and sustainable transportation future.

4. Discussion and Implications

The discussion is based on the main findings presented in the previous section and
is consistent with the analysis of the relationships between the aspects analysed for the
trends under consideration, highlighting the most uniform agreement among the experts
regarding the developments to be expected for the Western Balkans in the future.

4.1. Discussion and Implications Based on the Expert Survey

The survey results show a clear expectation among experts that technology-driven
trends such as “Transport techniques and technology”, “Smart cities and communities”,
and “Digitalisation” will have the greatest positive impact when all three aspects (conges-
tion, accidents, and emissions) are considered together. These trends are likely to be valued
for their transformative potential, enabled by digital innovation and smarter infrastruc-
tures. On the other hand, these trends are expected to significantly increase investment in
transport infrastructure at the same time. This conclusion is a clear signal to policymakers
at the EU and Western Balkan levels that the greatest success in reducing the negative
aspects of transport can only be expected if adequate funding and development of transport
infrastructure are in place.

On the other hand, “Changing travel habits”, “Increased regionalisation”, and “New
business and logistics models” are likely to have a positive impact on congestion, accidents,
and emissions, while the need for infrastructure investment is relatively modest. These
trends are so-called “soft” trends that can be implemented by changing the organisational
aspects of transport processes. The introduction of these trends promises environmental
and economic benefits without the need for large investments. It is suggested that policy-
makers in the EU and the Western Balkans give greater importance to these trends if they
lack investment resources and want to promote sustainable transport.

Policymakers and industry leaders need to address the economic challenges associ-
ated with the introduction of green technologies by balancing environmental and safety
improvements with financial realities. For the Western Balkans, this balance is crucial, as
economic constraints can hinder rapid technological adaptation.

Finally, the experts have not identified any positive impact of the analysed trends
on operating costs. One would expect new technologies to reduce operating costs. This
finding is particularly true for regions such as the Western Balkans, where technological
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adaptation requires significant adjustments and business opportunities are expected in the
long-term.

4.2. Comparison of Differences among the Literature Review and Expert Survey

When synthesising the comparative analysis between the literature review and the
experts’ responses, several key differences and similarities become apparent.

The literature review shows a broad spectrum of potential impacts across transporta-
tion trends, with a focus on technological and infrastructural developments. The scientific
discourse points to a comprehensive shift towards environmentally friendly technologies,
highlighting a spectrum of outcomes from “Electrification”, “Digitization”, and “Automa-
tion”. The expert survey, on the other hand, places more emphasis on the practical implica-
tions and real-world feasibility of these trends, particularly focusing on the immediate and
tangible impacts such as emissions reductions and the need for extensive infrastructure
investments. A clear difference is that the experts emphasise the immediate need for
infrastructure investment to support the adoption of advanced transportation technologies.
In the literature, this tends to be discussed in the context of long-term strategic planning,
while the experts emphasise it as an urgent, near-term concern, possibly reflecting their
experience on the ground and their direct involvement with the current state of the sector.

Both the literature and the expert survey agree that advanced technologies play an
important role in the transformation of the transportation sector. There is a consensus
that trends such as “Intelligent Transport Systems”, “Smart Cities and Communities”, and
“Digitization” have the potential to significantly reduce congestion and emissions. This
consensus underlines the collective recognition of the value that these technologies have
in creating more sustainable and efficient transportation systems. Another similarity is
the recognition of the environmental benefits of the transition to “Alternative Fuels” and
“Electrification”. Both sources agree that these trends are capable of reducing emissions,
which is critical to achieving sustainability goals in transportation.

4.3. Importance of Selected Trends for the Western Balkans

When looking at the 12 transportation trends discussed, their relevance for the Western
Balkans hinges on the region’s priorities, such as EU integration, economic development,
and environmental sustainability. “Electrification” and “Intelligent Transport Systems” are
particularly relevant, given the region’s goals to align with EU environmental standards and
to modernise its transportation infrastructure. “Electrification” addresses the urgent need
for sustainable transport solutions, while “Intelligent Transport Systems” can significantly
improve traffic management and safety, which is crucial for the region’s growing transport
networks.

Furthermore, the development of “Smart Cities and Communities” is highly relevant,
considering the urbanisation trends and the need for efficient, tech-driven city planning in
the region’s expanding metropolitan areas. Emphasising smart solutions can lead to an
improved quality of life and better integration into European urban networks.

Finally, “Increased Regionalization” reflects the Western Balkan countries’ efforts to
strengthen local economies and reduce dependence on distant markets by strengthening
intra-regional connectivity and supply chains. This trend is in line with the region’s
strategic goal of creating a more self-sufficient and resilient economic structure.

These trends are characterised by their alignment with the Western Balkans’ devel-
opment path and the region’s efforts to align with broader European standards while
addressing its own transport and economic challenges.

4.4. Limitations, Applicability, and Recommendations for Future Research

The main limitation of the study is the fact that the survey was only conducted among
a specific group of experts in a specific region. To improve the methodology, a Europe-wide
survey could be conducted to allow comparisons based on different levels of infrastructure
development. This survey should involve different stakeholders from the public and
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private sectors to understand the different perceptions that are crucial for the development
of strategies and policies, practical solutions, and the implementation of new technologies
and approaches.

Experts specialising in specific areas of transport (accidents, congestion, and emissions)
could deepen the study and provide a more detailed understanding of the significance
of individual trends. The results of this study can serve as a basis and guide for further,
in-depth research.

Given the rapid development of technology and the fast pace at which new trends
emerge, it is essential to constantly update the methodology to take into account new,
emerging trends and phase out those that have become established.

5. Conclusions

This study provides an important roadmap for regions such as the Western Balkans
and other regions with similar dynamics, guiding them through the complex transition
towards more sustainable and efficient transport systems. Drawing on extensive expert
opinions and data, the findings emphasise the need for strategic investment and policy
adjustment to ensure that the transition to an advanced transportation framework is
environmentally, economically, and socially sustainable.

The research emphasises the importance of a balanced approach to managing the
benefits and challenges of emerging trends, particularly those related to green technologies
and new infrastructure. These trends promise significant improvements in emissions
reduction, safety, and congestion management, but they also entail considerations of higher
operational costs and significant infrastructure investments.

For the Western Balkans, this transition represents both an opportunity and a chal-
lenge. The opportunity lies in potentially making the leap to an advanced transport system,
positioning the region as an important player in sustainable transport solutions, enhancing
global competitiveness, and contributing to climate change mitigation. However, the chal-
lenge lies in careful planning and resource allocation to manage the financial implications
and ensure equitable access to these systems.

The crucial role of policymakers and stakeholders in this transition is evident. Poli-
cies that promote the adoption of environmentally sustainable technologies and support
infrastructure development are essential. Innovative financing mechanisms, such as public–
private partnerships and leveraging European Union funds, are especially relevant for
Western Balkan countries in the context of EU integration. In addition, capacity building
and workforce development are vital for the adoption of new technologies and systems.
This includes not only technical training but also fostering a culture of innovation and
adaptability within the transport sector.

In summary, this study provides a comprehensive guide for regions such as the
Western Balkans to strategically shape the transition towards a sustainable transport system.
By balancing environmental, economic, and social considerations and making informed
policy decisions and investments, these regions can effectively harness the potential of
emerging transport trends to build a more sustainable, efficient, and inclusive future.
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Figure A1. Graphical results of the Mentimeter survey.
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Abstract: The integration of shared mobility and autonomous vehicles (AVs) could potentially change
the way parents decide to transport their children to and from school. A better understanding of
the factors influencing parents’ intentions to use shared autonomous vehicles (SAVs) for school
transportation is necessary to enhance their children’s mobility. Unlike prior research, this paper
significantly contributes to the literature by exploring the impacts of socioeconomic, travel-related,
and psychological factors and their interactions. Using Google Forms for an online survey, the authors
collected 1435 valid responses from parents in Kerman city schools in Iran. The estimation results
of the generalized ordered logit model indicate the significant impact of parents’ socioeconomic
status (occupation, education, income), travel behavior (accident experience, crash severity, travel
cost), and attitude (innovativeness, perceived usefulness, environmental concern, pro-driving, safety),
and their children-related factors (gender, the most frequently used travel mode, the possibility of
tracking the child). The findings show that an increase in parents’ education, perceived usefulness,
and environmental concern increase the likelihood of their intentions to use SAVs. Finally, based
on the findings, several implications are suggested to increase parents’ intentions to use SAVs for
transporting their children and to make SAVs a safe, affordable, and sustainable transport solution.

Keywords: shared autonomous vehicle; rideshare services; school travel mode; generalized ordered
logit; intention to use

1. Introduction

There has been a growing concern about the safety of school children, especially
primary and secondary school students, whose ages usually range from 5 to 14 years
as a subgroup of vulnerable individuals (e.g., those without a driving license, children,
elderlies, and people with disabilities) [1]. Worldwide, it is estimated that approximately
186,300 children lose their lives in road traffic incidents each year, making it the leading
cause of death among children aged 5–14 [2]. Many children are dependent on their par-
ents or other adults to accompany them to the school [3–5], but some parents often feel
inconvenienced when transporting their children to and from school because parents’ work-
ing hours often overlap with their children’s school hours, leading to time conflicts [6,7].
But to ensure their children’s safety, many parents drive them to and from school [8,9]. On
the other hand, commuters and young couples are more interested in autonomous vehicles
(AVs) than couples with children. This is likely because couples with children are more
concerned about the safety of their children and the lack of clear policies and regulations
governing AVs [10,11]. Therefore, a reliable and safe school travel mode that provides af-
fordable, accessible, independent, and sustainable mobility could be an appealing solution
for parents.
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AVs provide parents with greater convenience and freedom when it comes to trans-
porting their children to and from school due to the development of autonomous driving
technology. Many studies have shown that AVs could actually enhance passenger safety by
eliminating human error, which is the cause of 90% of crashes [12–16]. However, the price
of AVs will be higher than conventional vehicles, and they would increase travel distance
and trips made by single-occupancy vehicles, which is in conflict with sustainable trans-
portation development [17,18]. Therefore, policymakers may not generally support this
type of motorized alternative, and shared use of this technology, called shared autonomous
vehicles (SAVs), are likely to become more popular in the future. Dynamic ride-sharing
(DRS) services, a service form of SAVs, enable children to share their trips to and from
school with other students, which leads to a reduction in travel costs [19].

Even though SAVs offer many benefits [20,21], many concerns still remain regarding
their safe operation, security, privacy, and design [22–25]. For example, as a result of
an international adult sample, only 11% were inclined to use AVs for transporting their
children, far less than the 22% who would not use AVs at all [26]. Therefore, the identi-
fication of factors motivating individuals to embrace new technologies and lessen their
resistance to change is a crucial step in guaranteeing the successful implementation of
any new policy [27–30]. In light of this, the authors of this paper sought to gain a better
understanding of the factors influencing the intentions of parents to transport their children
to and from school using SAVs. Moreover, based on the results, several implications for
policy and practice are suggested to develop a suitable SAV service as a school travel mode.
In this study, the authors aimed to answer questions such as “What factors significantly
influence parents’ usage intention to permit their children to travel unaccompanied to
school?”, “Among these significant factors, which ones have the greatest impact on parents’
intentions?”, and “Which factors show the heterogeneity among the intention levels of
respondents?”. One of the main novelties of our research is that, unlike previous studies,
we have examined the effects of socioeconomic, travel-related, and attitudinal factors, and
their interactions as a form of systematic heterogeneity. Furthermore, to the best of our
knowledge, the integration of SAVs and DRS as a school travel mode has received less
attention in previous studies, as most of them have focused on AVs. In addition, we used
an intricate method (i.e., generalized ordered logit model) to consider the ordinal nature of
the dependent variable (i.e., intention to use) and the heterogeneity among the levels of
usage intention. Finally, most of the previous studies have been conducted in developed
countries, and less attention has been paid to this topic in developing countries.

The remainder of paper is organized as follows: prior studies in the context of us-
ing SAVs/AVs as a school travel mode are presented in Section 2. Section 3 introduces
the methodology, including the research method, survey process, and preliminary data
analysis. Section 4 presents the estimation results, a critical discussion of the findings, and
recommendations for policy and practice. In Section 5, the authors provide a conclusion, as
well as some suggestions for future research.

2. Literature Review

There have been many studies investigating the determinants behind school travel
modes. In this section, we focus on the factors affecting parents’ usage intentions of AVs
to send their children to school, which are very limited in the literature (Table 1). Prior
studies can be classified based on the considered methodology and factors affecting parents’
willingness/intentions to use automation technology for their children’s school travel
mode. For instance, in the following paragraphs, we review the studies that considered
any combination of socioeconomic, travel-related, or psychological factors. Then, the gaps
in each study are mentioned, followed by our formulated research hypotheses. Finally, our
research contribution to the existing body of literature regarding the role of SAVs in school
travel modes is presented.

In terms of the effects of socioeconomic characteristics, contradictory findings have
been observed. For instance, in several studies, it has been found that the age of parents is
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positively associated with their intention to allow their children to travel with SAVs [7,31].
While Lee et al. [32] concluded that the parents’ age has a negative effect on their intention,
no significant effect has been observed in the studies conducted by Ayala et al. [33] or
Lee and Mirman [34]. In addition to parents’ age, the impact of the children’s age has
also been investigated in previous studies, such as that by Lee and Mirman [34], and a
positive association between the children’s age and the parents’ intentions to allow their
children to use SAVs has been observed. Parents’ gender is also another factor that has
been considered in previous studies. In most prior studies, it has been concluded that
fathers are more likely to allow their children to use autonomous mobility as a school
travel mode [7,31,32,35]; however, no significant relation was found by Ayala et al. [33]
or Anania [36]. Parents’ education level is another demographic factor that positively
influenced their intentions to use AVs in most studies [9,31,32,34]; however, Mao et al. [7]
found no significant relationship between these two factors. Different and contradictory
findings have also been reported for the effect of income on parents’ intention. Although
Lee et al. [32] found a positive impact of income on parents’ intention, Lee and Mirman [34]
and Mao et al. [7] found a negative and not significant correlation, respectively. The effect
of familiarity with automation technology is another demographic factor that has been
examined by prior studies. In most of the studies, a significant and positive relation has
been found [7,9,31]. The number of children and owning a driving license were other
explanatory variables that were considered by Mao et al. [7], but no significant associations
were found between these variables and parents’ intentions to use automation.

Travel behavior characteristics is another category of explanatory variables that have
been considered in previous studies. Experiencing any type of accident has been considered
by Lee and Mirman [34] and Lee et al. [32]. However, two contradictory findings, including
a negative and positive relationship, have been reported, respectively. In other words, they
found that experiencing an accident could increase or decrease the likelihood of parent’s
intentions to use AVs for their children’s school travel mode. In addition, Mao et al. [7]
examined the influence of travel distance and driving frequency, and a positive and not
significant correlation were found, respectively.

Attitudinal factors play a key role in exploring the intentions of individuals [17].
Consumer innovativeness, as an attitudinal construct, is the tendency of consumers to be
early adopters of new products and services [37]. This factor has been considered as one of
the main factors affecting individuals’ intention to use AVs. A well-established positive
relationship has been reported in prior research [9,31–34], indicating that individuals with
higher innovativeness are more likely to adopt autonomous mobility for their children’s
school travel mode. Perceived usefulness refers to how much a person believes that using
a particular technology will be beneficial to them [38]. Many studies have observed that
perceived usefulness is one of the most critical factors in the acceptance of AVs [39–41]. The
positive and significant relationship between perceived usefulness and parents’ intentions
to allow their children to use SAVs as a school travel mode has also been acknowledged
in previous studies [1,7,34,42,43]. Perceived risk is a latent construct that explains how
consumers make decisions when they are faced with uncertainty [44]. Consumers weigh the
potential benefits and risks of an intention before making a decision. In the previous studies
outlined in Table 1, perceived risk leads to a lower intention of parents to use AVs as the
school travel mode for their children [1,7,42,43]. Safety measures refer to the tasks that are
performed to reduce the risk of harm to people, property, and the environment [45]. Despite
the numerous benefits of AVs, there are still many uncertainties regarding their acceptance.
Therefore, parents were asked about their preferences for route control, assurance features,
and other safety measures in the vehicles to help them trust AVs. Previous studies have also
confirmed the positive impact of these measures on parents’ usage intentions [9,31,32,43].
Attitude is another factor that refers to a person’s overall liking or disliking for a particular
behavior [46]. Mao et al. [7] and Jing et al. [1] have concluded that attitude is a factor
positively affecting parents’ intentions to use AVs.
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Table 1. An overview of previous studies in parents’ usage intentions of AVs as their children’s
school travel mode.

Author

Variable
High Mode 4 Model 5

Demographic 1 Travel-Related 2 Attitudinal 3

Ayala et al. [33] P.S.; P.A. - C.I. AV Chi-square

Lee and Mirman [34] P.A.; In; C.A.; Edu; P.S. E.A. C.I.; P.U.; AV D.A.

Anania [36] P.S.; Na. - - AB ANOVA

Hand et al. [35] P.S. - - AV ANOVA

Mao et al. [7] P.A.; P.S.; In; Edu; N.C.;
D.L.; Kn. D.F.; T.D. Att.; P.R.; P.U. AV HCM

Ma et al. [42] - - P.R.; P.U. AV SEM

Jing et al. [1] - - P.U.; Att.; P.R. AV SEM

Lee et al. [32] P.A.; Edu; In. E.A. S.M.; C.I. AV R.F.

Koppel et al. [9] Edu.; Kn. - C.I.; S.M. AV/R.S. L.R.

Koppel et al. [31] P.A.; P.S.; Edu.; Kn. - C.I.; S.M. AV/R.S. L.R.

Tremoulet et al. [43] - - P.R.; P.U.; S.M. AV Interview and F.G.

Abbreviation: (1) P.S.: parent sex; P.A.: parent age; In: income; C.A.: child age; Edu: education; Na.: nationality;
N.C.: number of children; D.L.: driving license; Kn.: knowledge. (2) E.A.: experience of accident; D.F.: driving
frequency; T.D.: travel distance. (3) C.I.: consumer innovativeness; P.U.: perceived usefulness; Att.: attitude;
P.R.: perceived risk; S.M.: safety measure. (4) AV : autonomous vehicle; AB: autonomous bus; R.S.: ridesharing.
(5) HCM: hybrid choice model; SEM: structural equation modeling; R.F.: random forest; L.R.: logistic regression;
F.G.: focus group; D.A.: descriptive analysis.

Based on the literature review, it was hypothesized that the following have negative
effects on parents’ high usage intention: respondents who have experienced any type of
accident [34] (H1); those who are less educated [32] (H2); those who have a low income [34]
(H3); those who are unemployed (H4); and those who are car-dependent [7] (H5). In
contrast, it was hypothesized that the following have positive effects on parents’ high usage
intention: being a female student (H6); those who are innovative [33] (H7); those who are
pro-environmental (H8); those who are well-educated [32] (H9); and those who find that
SAVs have the possibility of monitoring students online [31] (H10) as well as a travel mode
with safe operation and rapid response during emergency situations [43] (H11).

The limitation of each prior study (listed in Table 1) indicates that only a few stud-
ies [7,32,34] have considered all the categories of explanatory variables, while each still has
its own limitations. For example, in the study by Lee and Mirman [34], only a descriptive
analysis (correlation) was conducted, which does not provide much insight regarding the
causality relationship and is also limited to only two variables. Although Mao et al. [7] pro-
vided insightful findings, their model (HCM) ignored the ordinal nature of the dependent
variable (intention to use) and the existence of heterogeneity among the usage intention
behavior levels. The latter limitation is also true for the study by Lee et al. [32], who
used random forest. Other studies (e.g., Koppel et al. [9,31]) have neither considered the
effects of all categories of explanatory variables nor the integration of AVs and ridesharing
services.

Based on the aforementioned research gaps, it can be concluded that the majority of
prior studies have focused on identifying the factors influencing parents’ decisions about
their intentions to use AVs [1,7,32,34–36,42,43], or to choose between AVs and rideshare
services [9,31] to transport their unaccompanied child(ren) to and from school. However,
little is known about the integration of automation and ridesharing services, which are
called SAVs. This study contributes the following to the existing body of literature about
children’s school travel modes: (1) To our understanding, no studies have explored the
integration of ridesharing services and automation, which could provide affordable, acces-
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sible, independent, and sustainable mobility for vulnerable groups, particularly students
under the supervision of their parents. (2) Few studies [7,9,31] have taken into account
socioeconomic characteristics, travel behavior, and psychological factors simultaneously.
(3) Although most of the prior studies have estimated regression, logistic regression, and a
multinomial logit model, the current authors propose a generalized ordered logit (GOL)
model to consider the ordinal nature of respondents’ usage intentions to understand the
heterogeneity among the key factors associated with parents’ intentions to use SAVs to
transport their unaccompanied children (for further advantages of GOL, please refer to
Section 3.1).

3. Methodology

In this section, firstly, an introduction to Kerman as the study area is presented
(Section 3.1). Then, the research method, a generalized ordered logit model, is presented
(Section 3.3), followed by the sample characteristic (Section 3.2). Finally, the questionnaire
design and survey administration (Section 3.4) is presented.

3.1. Study Area

The city of Kerman, as one of the metropolises of Iran, has an area of over 130 km2

and a population of over 738,000 people, located at a latitude 30.29 and a longitude 57.06
(Figure 1). Some major transportation-related problems of this city are car dependency, lack
of suitable active travel mode infrastructure, and lack of public transportation networks,
such as a subway, bus rapid transit, or light rail transit. The only public transportation
system in Kerman is an insufficient and inefficient bus network, which leads to a high
share of private cars (near 50%) in daily trips and an increasing trend in car ownership and
dependency. In addition, the share of different school travel modes in Kerman (Figure 2)
shows that almost 80% of school trips have been conducted using private cars and school
vans, whereas transit accounts for only 1% of trips.

 

Figure 1. The location of Kerman city [47].
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Figure 2. Shares of different school travel modes in Kerman.

3.2. Features of the Collected Sample

The total number of collected responses was 1468, and after removing invalid or
incomplete responses, 1435 valid responses were used for further analysis. The incomplete
questionnaires, the ones containing outlier answers, and questionnaires with an unusual
completion time were the candidates for further screening or removal. The participants, on
average, took about 10 min to complete the questionnaire, with a standard deviation of
2 min. This suggests that the participants answered the questions carefully.

The frequency analysis of the socio-demographic characteristics of the respondents
(Table 2) shows that more than half (67.1%) of the parents were within the age range of
55–64 years. Regarding the number of children, about 794 (55.3%) respondents had two
children. The majority of participants (69.9) had two driving licenses in their household.
In terms of household size, 55% of the respondents belonged to four-member households.
The majority of respondents (73.1%) owned at least one car. In terms of household income,
the majority of respondents (about 90%) were, at most, a middle income. According to
the characteristics of the children, girls comprised a slightly higher share of our sample
(53%) than boys. In terms of school grades, the authors tried to equally collect data from
different grades to prevent the biases of our findings for any specific group. Due to the
existence of an unreliable, unsafe, old, and poor accessible public transportation system in
Kerman, only 7.6% of parents send their children to school by transit/paratransit mode.
On the other hand, about 80% of the parents choose a private car or school van (a van that
is shared among students for transporting them to and from school) as the most frequent
modes for their children’s school trips.

Table 2. Descriptive analysis of explanatory variables: socio-demographic and travel-related charac-
teristics of the respondents from Kerman.

Variable Description Value *
Frequency

Absolute Relative (%)

Parents’ Socio-Demographic Characteristics

Age group (years)

35–44 12 0.8
45–54 160 11.1
55–64 963 67.1
≥65 300 20.9
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Table 2. Cont.

Variable Description Value *
Frequency

Absolute Relative (%)

Parents’ Socio-Demographic Characteristics

Number of children

1 180 12.5
2 794 55.3
3 369 25.7
≥4 92 6.4

Household size

2 14 1.0
3 187 13.0
4 790 55.1
5 374 26.1
≥6 70 4.9

Household car ownership

0 87 6.1
1 1049 73.1
2 272 19.0
≥3 27 1.9

Father’s education level

At most, high school diploma 707 49.2
Apprenticeship diploma 190 13.2

Bachelor’s 340 23.6
Master’s 155 10.8

PhD 43 3.0

Number of household members
possessing a driving license

0 16 1.1
1 261 18.2
2 1003 69.9

3+ 155 10.8

Household income level

Very low 210 14.6
Low 434 30.2

Medium 646 45.0
High 132 9.2

Very high 13 0.9

Household bike ownership
0 1118 77.9
1 302 21.0
≥2 15 1.0

Child characteristics

Gender
Male (Boy) 674 47.0

Female (Girl) 761 53.0

School grade (age)

4th (10) 289 20.1
5th (11) 259 18.0
6th (12) 270 18.8
7th (13) 213 14.8
8th (14) 202 14.1
9th (15) 202 14.1

Most frequent transportation mode
to school

School van 590 41.1
Private car 532 37.1

Walking 204 14.2
Transit and paratransit 109 7.6

* The prevalent categories are highlighted in grey.

Moreover, the importance of various factors, such as environmental concerns, travel
cost, accident risk, the possibility of online monitoring of children at any moment, and the
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safety of children on the way to school (Figure 3) were explored based on the most frequent
children school modes (i.e., walking, private car, transit, and school van). It can be seen that
the lowest accident risk, the possibility of monitoring children online, and their safety are
the most important factors for parents who use their private car to transport their children
to school. In contrast, environmental concerns and costs are of greater concern to parents
whose children travel to school by walking or using transit.

Figure 3. Importance of various factors in choosing school travel mode.

3.3. Generalized Ordered Logit (GOL)

This study models the intention to use SAVs as a school travel mode in children’s
educational trips by applying the prominent approach of discrete choice models.

In this study, parents’ intention to use SAVs was measured as an ordinal variable. The
authors have encoded this variable into three levels, namely low = 1, moderate = 2, and
high = 3, to better understand the influential factors of parents’ usage intentions of SAVs.

Given the discrete and ordinal nature of the dependent variable, the authors first
estimated an ordered logit model (OLM) [48,49]. The probability of parents’ usage intention
can be calculated as Equation (1):

P(yi > j) =
exp(Xiβ

′ − φj)

1 + exp(Xiβ′ − φj)
j = 1, 2, . . . , M − 1 (1)

where j is the parents’ intention category, Xi is a vector containing the observed explanatory
variables, β represents the vector of parameters that need to be estimated, φj are the cut-off
points that determine the thresholds in the OLM, and M signifies the number of categories
within the ordered-response variables.

One of the assumptions associated with the OLM is proportional odds, implying equal
relationships between each pair of intention categories [49]. However, this assumption
often has been violated and highlights the necessity of GOL model estimation. Using the
OLM was required prior to utilizing the GOL model so that the authors could determine
if the parallel lines assumption (or the proportional odds assumption) was violated. To
confirm whether a GOL model should be employed instead of an OLM, the Brant test was
utilized to examine the parallel assumption [50]. Using the Brant test, it is possible to check
whether all the estimated coefficients are the same across different levels of the ordered
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dependent variable. When the GOL model works appropriately, the variables that satisfy
the proportional odds assumption will be interpreted in the same way as in the OLM. As
an advantage of GOL model, it can also handle independent variables that vary in size and
direction of their effects. Furthermore, it can help researchers avoid major mistakes related
to statistical significance, which could lead them to incorrectly assume that an explanatory
variable has minimal or no impact on the outcome variable. Moreover, it can sometimes
tackle issues of reporting heterogeneity, where different groups respond to questions in
different ways. This can prevent differences in measurement across groups from being
misinterpreted as differences in effects [51].

If the data satisfy the proportional odds assumption, then the OLM is considered
an appropriate method for data description; otherwise, the GOL model should be used.
Therefore, the coefficients of independent variables vary across different cut points of the
dependent variable. The probability of parents’ intention for allowing their children to use
SAVs is expressed as Equation (2) [52]:

P(yi > j) =
exp(Xiβ

′
j − φj)

1 + exp(Xiβ
′
j − φj)

j = 1, 2, . . . , M − 1 (2)

where β′
j represents a set of parameters that are adjusted based on the specific threshold

point of the model.

3.4. Questionnaire

A web-based questionnaire was designed in Google Forms to assess parents’ intentions
to use SAVs as a school travel mode for their children in the city of Kerman, Iran. Before
the main survey administration, 45 parents were randomly selected to participate in a pilot
study, which resulted in a more comprehensible and less ambiguous questionnaire, based
on their comments and feedback.

The final survey link was distributed among parents through the administration of
schools in their social media groups from 12 April to 13 May 2021. Since the one-month
data collection process was during the pandemic period, all the classes were held online,
and all the important notifications from school were reported to the parents in Telegram
groups. As a further explanation, using clustered sampling, the survey was distributed in
different districts of Kerman. To avoid duplicate responses, we asked parents to fill out the
school name and student ID.

The questionnaire included three main sections: (1) the travel behavior of parents
and their children; (2) psychological factors; and (3) the socioeconomic characteristics of
parents and their children. All the questions in the survey were derived from the literature
or were customized for our study. It is worth mentioning that the objective of the survey
was clearly announced to the participants, and they were assured that their responses
would be anonymous and confidential. In the first section, we asked about the travel-
related characteristics of the respondents using questions that have been used in previous
studies (each question is cited to the corresponding paper(s)) or that were customized
for this research. The respondents were asked about their travel behavior (five questions)
including their most frequent school travel mode [36], monthly frequency of using a private
car [7], accident experience and the corresponding severity [32,34], and frequency of using
a seat belt while traveling [53]. In the second section, since SAV technology is new to the
city of Kerman, a video clip preceded before asking parents’ intention to use SAVs as a
school travel mode for their unaccompanied children trip to go to school using a five-point
Likert scale ranging from (1) strongly disagree to (5) strongly agree [17,19]. The following
is an elaboration of the video: “A self-driving vehicle, also known as an autonomous vehicle
(AV), has the capability to operate and perform essential tasks independently without the need
for human intervention, thanks to its ability to perceive its environment. The vehicle is equipped
with a fully automated driving system that enables it to react to external circumstances in the
same way a human driver would. Users can no longer drive themselves in such a vehicle, as there
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are no steering wheels or pedals. In the future, because of the high purchase costs of AVs, their
use is expected to be more widely shared. In other words, there is no ownership of the vehicle
and it is rented to the user on a temporary basis or on a predetermined schedule at specific times.
Students will share their travel plans with others, and other students with similar origins and
destinations join them to share their trips”. Then, psychological factors, such as attitude
toward technology (six questions), attitude toward driving (five question), perceived
usefulness (six question), and safety benefits (five questions) of SAVs were asked. The
corresponding references of each question are presented in Table 3. Finally, the third section
asked about the socio-economic characteristics (twelve questions) of the parents, such as
their age, number of children, education, occupation, household car and bike ownership
level, household size, status of driving license, and income, as well as their children’s
characteristics (seven questions), such as gender and school grade. It should be noted that
these factors were derived from the previous studies outlined in Table 1.

4. Estimation Results and Discussion

In Section 4.1, using a maximum likelihood estimator (MLE) and AMOS, the authors
provide an analysis of the results obtained from a confirmatory factor analysis (CFA) to
identify the significant items in the corresponding latent constructs as a prerequisite of
using psychological factors in the GOL model. Following this, the estimation result of GOL
as a discrete choice modeling approach (Section 4.2) is presented to determine the effect of
each exogenous variable on parents’ intentions to use SAVs as their children’s school travel
mode. In Section 4.3, a critical discussion of our findings is presented. Finally, a number of
policy and practice recommendations are provided in Section 4.4 to increase the likelihood
of using SAVs as a school travel mode.

4.1. Confirmatory Factor Analysis

To determine the relationships between latent constructs and indicators, the authors
conducted a CFA using AMOS software version 24 [54]. Table 3 provides a summary of
the CFA results, which include the factor loadings of items, averages, and other measures
of model fit, as well as indices of validity and reliability. In order to assess the validity
and reliability of the latent constructs, the authors considered the content, convergent, and
discriminant validity measures. Since the items were derived from the literature, their
content validity is supported. Convergent validity was examined through item reliability,
average variance extracted (AVE), and composite construct reliability (CR). According to
Hair et al. [55], values greater than 0.5 and 0.7 are required to demonstrate convergent
validity for AVE and CR, respectively [56]. Ideally, a Cronbach’s alpha (CA) value should
be 0.8 or above; however, a value between 0.5 and 0.7 is considered acceptable. In addition
to CA, McDonald’s Omega (ω) was also calculated since, unlike CA, ω operates under
fewer and more realistic assumptions [57]. The acceptable threshold of ω is similar to that
of CA. Based on Table 3, it can be concluded that the all the aforementioned measures are
greater than the acceptable thresholds. Hence, the convergent validity is also supported.
According to Table 4, discriminant validity describes how constructs differ from each other.
The square root of the AVEs, which is in bold font, is greater that the correlation coefficient
in the corresponding rows and columns. This suggests that the test for discriminant validity
is also confirmed [58].

To determine whether the hypothetical model is supported by the data, the au-
thors used model identification indices, including chi-squares (X2), normed chi-squares
(CMIN/df ), normed fit indexes (NFI), comparative fit indexes (CFI), and the root mean
square error of approximation (RMSEA) as part of the model goodness-of-fit evaluation [17].
Based on the estimated values, it can be concluded that all the necessary criteria have
been satisfied.
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Table 3. The results of reliability and validity evaluation of the measurement model.

Construct Item Mean
Factor

Loadings
CA
(ω)

CR AVE

A
tt

it
ud

e
to

w
ar

d
te

ch
no

lo
gy

The disadvantages of technologies are more than
their advantages [59]. 3.04 0.958

0.880
(0.889)

0.865 0.572

I am not open-minded toward new products [60]. 3.21 0.749
I am excited about the possibilities offered by

new technologies [61] 3.36 −0.848

If I heard about new technologies, I would look
for ways to try it [59]. 3.49 −0.626

Among my peers, I am usually the first to try out
new technologies [59]. 3.39 −0.522

A
tt

it
ud

e
to

w
ar

d
dr

iv
in

g I prefer not to be responsible for driving a
car [62].

2.76 0.951

0.805
(0.823)

0.821 0.545
In a car, I prefer being the driver rather than the

passenger [62]. 3.40 −0.742

I like driving a car [62]. 3.17 −0.683
I prefer not to drive in a regular path [63]. 2.89 0.509

Pe
rc

ei
ve

d
us

ef
ul

ne
ss

SAVs will reduce traffic congestion [64]. 3.74 0.798

0.905
(0.905) 0.906 0.616

SAVs would enable me to save time [64]. 3.66 0.807
SAVs will reduce emissions [64]. 3.81 0.774

Using SAVs would increase my productivity [65]. 3.99 0.785
SAVs will reduce parking spaces [63]. 3.82 0.766
SAVs will enhance my well-being [63]. 3.97 0.779

χ2 = 1194.866 (p < 0.001);
CMIN

d f
= 3.112; GFI = 0.946; NFI = 0.958; CFI = 0.971; RMSEA = 0.038 (CI90∗ : [0.036, 0.41])

* CI90 indicate the confidence interval at a 10% significance level.

Table 4. Correlation matrix and discriminant validity results.

Construct 1 2 3

1 Attitude toward technology 0.756 *
2 Attitude toward driving −0.081 0.738
3 Perceived usefulness 0.108 −0.063 0.784

* Bold numbers are the square root of AVE.

4.2. Estimation Results of GOL Model

Initially, an OLM was estimated to investigate how various explanatory variables
affect parents’ intentions to use SAVs as a school travel mode for their children. For the
purpose of checking the parallel slope assumption, the Brant test was performed. The
authors performed the Brant test on all coefficients, utilizing the estimated coefficients
and their variances for the calculation. In addition, a test was conducted separately for
each individual coefficient. According to the Brant test, the proportional odds hypothesis
is rejected (χ2 = 20.77, p-value = 0.049), suggesting that at least one variable rejects the
hypothesis. The OLM was thus respecified using a GOL model, which allowed each
outcome of the endogenous variable to have a unique coefficient (refer to Table 5). In order
to assess the model’s goodness of fit, pseudo-R2 was used [66].

Based on the GOL estimation results, a series of attitudinal, travel-related, and so-
cioeconomic characteristics significantly affect parents’ intentions to use SAVs as a school
travel mode for their unaccompanied children trips. The marginal effect values were also
estimated, which allows for a more detailed interpretation of the results. Based on the
marginal effect values, the critical factors are the interaction effect of the father’s educa-
tion level (MSc degree) and environmental concern, extremely strong belief in SAV safety
for passengers, the capability of SAV in quick assistance during emergency situations
(e.g., accidents), experiencing property damage crash as a pedestrian, the possibility of
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monitoring children online in the school path (particularly girls), and the interaction effect
of parents’ innovativeness and strong belief in the safe operation of SAVs, respectively.
Meanwhile, in descending order, the interaction effect of education level (i.e., illiterate)
and perceived usefulness, driver property damage crash experience, father’s occupation
(i.e., unemployed), the interaction effect of low income and importance of travel cost, fatal
crash experience, and interaction effect of attitude toward driving and using a private car
as a school travel mode significantly decrease the high intentions of using SAVs as a school
travel mode among parents, respectively.

Table 5. Estimation results of GOL model of parents’ intentions to use SAVs as a school travel mode.

Variable
Moderate High Marginal Effect

Coef. P > |z| Coef. P > |z| Low Moderate High

Experiencing property damage crash several
times as a driver −0.592 0.067 −0.521 0.020 0.043 0.066 −0.109

Experiencing fatal crashes more than two times −0.670 0.014 −0.282 0.151 0.048 0.010 −0.059
Father’s occupation: Unemployed −0.654 0.086 −0.523 0.062 0.047 0.062 −0.109

Attitude toward technology × Strong belief in
the safe operation of SAVs 0.034 0.142 0.024 0.081 −0.002 −0.003 0.005

Attitude toward driving × Use a private car as
school travel mode −0.155 0.053 −0.137 0.010 0.011 0.017 −0.029

Illiterate Father√
Perceived Use f ulness

−0.576 0.280 −0.950 0.023 0.042 0.157 −0.198

Strongly perceive SAVs as enhanced
emergent-assisted technology during accidents −0.082 0.582 0.195 0.028 0.006 −0.047 0.041

Strong and very strong belief in SAV as a safe
travel mode for passengers 0.373 0.009 0.406 0.000 −0.027 −0.058 0.085

Father with M.Sc. degree × Having high
environmental concern 0.662 0.367 0.655 0.086 −0.048 −0.089 0.137

Having low income × High importance of cost
in choosing school travel mode −0.711 0.138 −0.422 0.102 0.051 0.037 −0.088

Girl student × High importance of online
monitoring of student location 0.071 0.100 0.042 0.144 −0.005 −0.004 0.009

Constant 1.332 0.000 −1.581 0.000

Model statistics
Number of observations 1435

Log-likelihood at convergence −1078.663
Restricted log-likelihood −1162.22

Pseudo R2 0.0711

4.3. Discussion

Marginal effects indicate that parents who have previously experienced property
damage crash as drivers are less likely to allow their children to use SAVs. In the same
way, experiencing fatal crashes two times among parents significantly decreases their high
likelihood of allowing their children to be transported to and from school using SAVs.
In other words, being such a parent reduces the likelihood of having a high intention of
using SAVs by 5.9%. In accordance with previous studies [26], this may be due to the
lower trust level of respondents to automation. The increase in innovativeness among
parents who have a strong belief in the safe operation of SAVs is another factor that is
positively correlated with the high intention of parents to use SAVs as their children’s
school transportation mode. This is due to the fact that pro-technology parents have higher
knowledge and familiarity with technologies, which has been demonstrated in previous
studies [32], too. Based on the marginal effect value, it can be seen that a one-unit increase
in this systematic heterogeneity is associated with a 0.5% increase in the high intention of
parents. This finding is also in accordance with previous studies.
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As an indication of car dependency among parents, it can be seen that increasing the
attitude toward driving among parents who use a private car as their children’s school
travel mode increases the likelihood of lower and moderate intentions rather than high
ones. This is also aligned with the findings of Aboutorabi Kashani et al. [19]. Based on
the marginal effects, an increase of one unit in this systematic heterogeneity reduces the
probability of high intention by 2.9%, while it increases the likelihood of low and moderate
usage intentions by 1.1% and 1.7%, respectively.

A decrease in the perception of the potential benefits of SAVs among fathers who are
illiterate leads to lower and moderate intentions of letting their children travel with SAVs
to school. This is due to the lower knowledge and income of these individuals, which is in
accordance with the findings of Jing et al. [1] and Ma et al. [42]. However, the marginal
effect value indicates that a one-unit increase in this interactive variable decreases the high
intentions of parents to use SAVs as a service for their children by 19.8%.

A strong belief in the quick response of SAVs during accidents is positively related to
high intentions of letting their children utilize SAVs as a school travel mode. This might be
due to the facilitation conditions that are provided by SAVs, leading to a higher level of
trust. According to the marginal effect value, a one-unit increase in this interactive variable
increases high intentions by 4.1%. People who strongly believe that SAVs are a safe travel
mode for passengers are less likely to have lower and moderate intentions, which is line
with previous studies [1,42]. When this variable rises by a single unit, there are decreases in
the likelihood of low and moderate intentions to use SAVs by 2.7% and 5.8%, respectively.
However, the likelihood of high usage intention rises by 8.5%.

Fathers with M.Sc. degrees who are environmentally friendly are less likely to have
lower and moderate intentions. This is due to the fact that SAVs are well aligned with
sustainable development, and parents who are worried about the environment are more
likely to use SAVs, as has been documented in prior research [19]. If this variable goes up by
one unit, the likelihood of high usage intention sees a rise of 13.7% based on marginal effects.
On the other hand, the probabilities of low and moderate usage intentions experience drops
of 4.8% and 8.9%, respectively.

A lower likelihood of high usage intention was observed among the low-income
parents who care about their children’s travel cost to school, which is in accordance with
the findings of Bansal et al. [67]. In other words, being such respondents increases low
and moderate intentions by 5.1% and 3.7%, respectively. Parents with daughters who
prefer to continuously monitoring their student’s location are less likely to have lower and
moderate intentions. Due to their fears of abuse, imaginary harassment, and social halo
associated with their gender, women may be less likely to use shared mobility services [17].
Considering the marginal effect value, it should be noted that a one-unit increase in this
systematic heterogeneity will increase high usage intentions by 0.9%.

4.4. Implications for Policy and Practice

Parent’s intentions to use SAVs for their unaccompanied children trips are signifi-
cantly affected by their accident experiences. The manufacturer should issue a statement
explaining how AVs are designed to protect passengers in the following circumstances, in
order to reduce parental concerns regarding the functional risk of SAVs. Additionally, man-
ufacturers should support the research and development of automatic driving technologies
in order to ensure the safety of SAVs in a variety of situations.

Parents’ innovativeness is a psychological factor that positively influences their inten-
tions to use SAVs as their children’s school travel mode. As an implication, by inspiring a
sense of innovation among individuals, policymakers may be able to encourage them to
use SAVs as a school travel mode. A free trial can be offered to first-time users as a means
to encourage them to try out the service. In this way, they will be more inclined to continue
to use the service in the future.

Attitudes toward driving and car dependency among parents decrease the likelihood
of letting their children use SAVs. It is recommended to establish travel demand manage-
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ment (TDM) policies to reduce the dependency on private cars of parents and encourage
them to use more sustainable travel modes, reducing their dependence on private cars. In
addition to increasing taxes and related costs associated with households’ additional cars,
congestion pricing, and parking management may also be implemented to encourage car
users to use shared vehicles.

To encourage parents to use SAVs for the transportation of their children to and from
school, it is critical to improve their overall evaluation of SAVs. A positive introduction to
the usefulness, attributes, and performance of AVs could be made by SAV manufacturers
and relevant government agencies. As a result, parents may be able to better appreciate
the advantages of using SAVs for child transportation, such as an improvement in parents’
time utilization value and an enhancement in the mobility of their children’s travel. A
public awareness campaign about the benefits of using SAVs for child transportation might
have a positive effect on parents’ attitudes and intentions toward using them.

It is critical to note that respondents’ intention to use SAVs is significantly influenced
by their belief that SAVs could provide emergency services during accidents. As an
implication, it is recommended that SAVs are equipped with enhanced audio and video
assistant systems that can quickly assist passengers in emergency situations. Also, it is
recommended that parents are invited to try SAVs through simulators and to compare how
SAVs and parents react in emergency situations. When parents perceive SAVs as quick and
responsive technologies, they are more likely to allow their children to use them as a mode
of transportation to and from school.

Having a high environmental concern among fathers with MSc degrees is positively
correlated with their usage intentions. To encourage parents to consider SAVs as a means
for their children’s school commute, it is suggested that policymakers highlight the envi-
ronmental advantages, such as the reduction of noise and air pollution.

The authors propose that by giving passengers the choice to select the desired number
of children to share the journey with at different travel costs, service providers can poten-
tially broaden the use of SAVs among individuals of various income levels. This approach
could also contribute to more sustainable development. An additional critical factor in
shaping parents’ high usage intention is the possibility of tracking their children online.
It is suggested that manufacturers consider equipping SAVs with cameras to monitor the
interior. This would allow parents to use their mobile phones to ensure their children’s
safety while in the car. If an unusual situation arises, parents could use the camera feed
to assess the situation and activate the car’s alarm via their mobile phones, potentially
attracting the attention of passersby or police officers.

5. Conclusions

5.1. Findings

The estimation results of the generalized ordered logit (GOL) model reveal the signifi-
cant influence of several factors on parents’ intentions to use shared autonomous vehicles
(SAVs) for their unaccompanied children’s trips to school, including accident experience,
parent occupation, education level, income level, the children’s gender, the possibility of
monitoring the children online, the importance of cost and safety, perceiving SAVs as a
quick responsive technology, attitude toward driving, perceived usefulness, and parents’
innovativeness. Among the aforementioned factors, we found that individuals who have
encountered any form of accident, are less educated, have a low income, are jobless, or
are car-dependent are less likely to consider SAVs for their children’s school commute.
However, females, innovative individuals, environmental enthusiasts, and well-educated
individuals, with the addition of the possibility of online student monitoring and ensuring
the safe operation of SAVs, along with quick emergency responses, had higher intentions
of using SAVs. Here is a list of some important findings:

• Experiencing property damage/fatal accidents decreases the parents’ intentions to
use SAVs;
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• Fathers with no occupation/education are less likely to allow their children to
use SAVs;

• Innovative parents who strongly believe in the safe operation of SAVs are more likely
to use this technology for their children’s school travel mode;

• Car-dependent parents have a lower intention of using SAVs for their children;
• Parents who find that SAVs are a beneficial technology are more likely to allow their

children to use SAVs;
• Providing safety measures (e.g., online monitoring of student’s location, and rapid

assistance during emergency situations) by SAVs’ service providers increases the usage
intention of parents; and

• Being a pro-environmental parent increases the likelihood of using SAVs as a school
travel mode.

In terms of the most influential factors in each intention level (low, moderate, and
high), the variable of low-income parents concerned about their children’s school travel
costs has the greatest marginal effect value at the low intention level, indicating their
lowest intentions of using SAVs. Furthermore, among the various factors that influence
the moderate usage intentions of SAVs, the decrease in the perception of the potential
benefits of SAVs among illiterate fathers has the greatest impact. However, fathers with an
M.Sc. degree who are environmentally friendly have the highest intentions of letting their
children use SAVs.

Taking a practical perspective, the research results provide us with additional insights
into parents’ intentions and provide manufacturers and government officials with valuable
ideas for promoting the use of SAVs for school travel.

5.2. Limitations and Suggestions for Future Studies

This study contributes to the existing body of literature about the usage intentions of
SAVs for school transportation by filling previous gaps. In addition to providing insight
into some of the underlying issues, this study also raises some new questions that require
further investigation.

Although the modeling framework of our research can be used as the basis of future
studies in other contexts, the generalization of our findings to other contexts is limited.
Therefore, it is recommended to conduct a comparative study with other cities to under-
stand the effects of context on the impact of explanatory variables.

This study used psychological, sociodemographic, and travel-related variables to
examine factors associated with the intentions to use SAVs for school trips. However,
the model could not take into account certain travel-related attributes found in stated
preference surveys, such as travel time, waiting time, and travel cost. It is, therefore,
recommended that future research examines the impact of these variables on parent’s usage
intention of SAVs.

Due to the fact that the authors provided a description of SAVs, there is some uncer-
tainty regarding how they affected the respondents’ judgments in this study. The respon-
dents’ subjective judgments about SAVs may have been influenced to some extent by the
description of SAV concepts, even though it may have provided an overview of the research
topic and made them more familiar with it. Other methods can be used to help respondents
better understand SAVs, such as using simulators to experience autonomous vehicles.

Finally, since SAVs are not still available in Iran’s market, this research employed a
stated preference (SP) survey. Since the SP approach is based on a hypothetical situation, it
is recommended to explore the revealed preferences of respondents in the future when SAVs
are available on the market to better understand the determinants behind the acceptance
of SAVs.
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13. Pudāne, B.; Rataj, M.; Molin, E.J.; Mouter, N.; van Cranenburgh, S.; Chorus, C.G. How will automated vehicles shape users’ daily
activities? Insights from focus groups with commuters in the Netherlands. Transp. Res. Part D Transp. Environ. 2019, 71, 222–235.
[CrossRef]

14. Fagnant, D.J.; Kockelman, K. Preparing a nation for autonomous vehicles: Opportunities, barriers and policy recommendations.
Transp. Res. Part A Policy Pract. 2015, 77, 167–181. [CrossRef]

15. Paddeu, D.; Tsouros, I.; Parkhurst, G.; Polydoropoulou, A.; Shergold, I. A study of users’ preferences after a brief exposure in a
Shared Autonomous Vehicle (SAV). Transp. Res. Procedia 2021, 52, 533–540. [CrossRef]

16. Farzin, I.; Mamdoohi, A.R.; Abbasi, M.; Baghestani, A.; Ciari, F. Determinants behind the acceptance of autonomous vehicles
in mandatory and optional trips. In Proceedings of the Institution of Civil Engineers—Engineering Sustainability; Emerald
Publishing Limited: Bingley, UK, 2023; pp. 1–10. [CrossRef]

74



Sustainability 2023, 15, 16180
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Abstract: The South Korean government intends to construct interactive charging stations (ICSs) for a
vehicle to grid (V2G) system that uses electric vehicles as a type of energy storage system. This article
employs contingent valuation (CV) to examine households’ willingness to pay (WTP) to construct
the ICSs. To this end, a CV survey of 1000 people was performed using the one-and-one-half-bound
dichotomous choice questioning as the elicitation method for the WTP. To check if the response effect
incurred by the questioning exists, a single-bound model, which partly uses the responses from the
questioning, was also applied. Furthermore, a spike model which can model WTP observations
with lots of zeros was adopted. The single-bound spike model, finally chosen for further analysis,
produced some results securing statistical significance. The average household WTP is estimated as
KRW 4017 (USD 3.51) per annum. A national version of the yearly WTP is derived as KRW 85.48
billion (USD 74.65 million). Considering that the occurrence period of the annual WTP is 10 years, the
total present value as of the end of 2022 is computed as KRW 676.4 billion (USD 590.7 million). This
study has significance in two aspects. First, quantitative information on household WTP is explicitly
provided. Second, to the best of the authors’ knowledge, the household WTP is empirically dealt with
for the first time in the literature. In addition, the implications of this value from a policy perspective,
as well as four challenges to be solved for constructing ICSs for a V2G system, are discussed.

Keywords: interactive charging station; vehicle to grid; willingness to pay; energy storage system;
contingent valuation

1. Introduction

The number of electric vehicles (EVs) is scheduled to rise from 0.23 million in 2021 to
3.62 million by 2030, to reduce air pollutants and greenhouse gas (GHG) emissions in South
Korea [1]. As of the end of June 2021, 12,789 fast EV chargers and 59,316 slow EV chargers
were in operation, and the number of EVs per charger was 2.4. The number of EVs per
charger in China, Japan, France, and the United States was 6, 10, 10, and 16, respectively [2].
Therefore, compared to other countries, South Korea seems to have an excellent level of EV
charging infrastructure. Moreover, the government plans to build 12,000 fast EV charging
stations and 500,000 slow EV charging stations by 2025 [3].

South Korea has been trying to increase renewable energy (RE). Recently, the country
has established a plan to significantly augment the share of RE in total power generation
from 5% in 2019 to 30.6% by 2036 [4]. Solar and wind power will account for most of the
RE. However, they are typically variable RE (VRE) sources in the country [5]. Currently,
the ratio of solar to wind power is approximately nine to one, and this situation is expected
to continue for the time being. Thus, energy storage systems (ESSs) to help overcome the
problem of variability and intermittence involved in VRE are widely needed [6–10]. The
frequent curtailment of RE generation will emerge as a social issue [11–13].
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Two representative types of ESSs under discussion in the country are pumping-up
power generation and batteries. The government decided to build three new pumping-up
power plants with a 1.8 GW capacity, and is considering further construction of such plants.
However, they not only incur high costs, but also require a suitable large-scale site. Local
residents and environmental groups are bitterly opposed to the additional construction of
pumping-up power plants. This is because the construction of a pumping-up power plant
damages forests. Moreover, a battery ESS (BESS) is quite vulnerable to fire. In fact, many
installed BESSs have not been operable in the country due to frequent BESS fires.

Consequently, the government is considering another kind of ESS, an interactive
vehicle to grid (V2G) system that use EVs. An interactive V2G means supplying power
stored in the EV battery to consumers through the grid [14,15]. EVs are charged during
times when power demand is low or curtailment of VRE generation is needed. Power is
transmitted from the EVs to the grid at times when power demand is high. According to
an empirical study, 100,000 EVs can play a role as great as a power plant with a capacity of
1 GW [16].

As of 2021, the average daily mileage of passenger cars in the country is 37.2 km per
car [17]. According to the Ministry of Land Infrastructure and Transport [18], a total of
1.59 million eco-friendly cars, including EVs, were registered in South Korea as of 2022,
accounting for 6.2% of the total number of registered cars. It would be more useful if there
were specific performance data related to the driving of EVs, but the data have not yet been
found in South Korea. Therefore, in this study, it is assumed that the driving performance
of EVs will be similar to the statistics of general passenger cars in South Korea.

Assuming that the average driving speed of a passenger car is 50 km per hour, the
average driving time per day is 0.74 h. In other words, most cars are parked for more than
90% of the day. Thus, if an infrastructure that can transmit the power stored in EVs to the
grid is established, parked EVs can be used as a power supply source. For the interactive
V2G system to succeed, two things are required. First, active participation of EV owners in
the system is needed. The government intends to introduce a system that differentiates EV
charging rates according to changes in power demand during the day, and pay a certain
amount when returning power from EVs to the grid. The charging rates should be high
when power demand is high, and the rates should be low when power demand is low.
Second, interactive chargers that connect EVs and the grid should be constructed.

The establishment of a government-led interactive charging station (ICS) infrastructure
demands a large investment of money. The investment will eventually be financed by
the general public. For this reason, information on the public acceptance of bearing the
cost incurred by constructing an ICS infrastructure for V2G is needed. Thus, the main
objective of this article is to examine households’ willingness to pay (WTP) to construct
an ICS infrastructure for a V2G system using contingent valuation (CV). This research has
significance in two aspects. First, quantitative information on household WTP is explicitly
provided to the government for policy making and decisions. Second, to the best of the
authors’ knowledge, the household WTP is empirically dealt with for the first time in the
literature.

In other words, the purpose of this paper is not to develop innovative methodologies
or creative ideas, but to secure and present evidence to carry out government-led ICS
construction. The subsequent composition of this article consists of four sections. The
method applied in this study is explained in Section 2. Section 3 describes the results,
and Section 4 presents a discussion. Conclusions and policy implications are presented in
Section 5.

2. Methodology

2.1. Method: CV

One representative method that can be applied to obtaining households’ WTP for a
commodity is CV. Of course, there are other methods that can measure WTP in addition to
CV, but this study applies CV for two reasons. Firstly, CV is the most frequently employed
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technique in evaluating WTP to consume a good not traded in the market. This kind of
good is called a nonmarket good; the ICS for a V2G system is such a case. There are many
studies applying CV [5,19–22], among which, the main results of research cases related to
renewable energy or eco-friendly vehicles similar to this study are summarized in Table 1.
Secondly, the reliability and validity of the CV technique using observations gathered from
a survey of people are well-verified in previous research [23,24]. In short, CV is not only
well-established in theory, but is also useful and frequently applied in empirical studies.

Table 1. Summary of literature review of studies evaluating eco-friendly vehicle infrastructure or
renewable energy using contingent valuation.

Sources Countries Main Results

Bigerna and Polinori [19] Italy
The additional willingness to pay (WTP) for the
introduction of the hydrogen bus was EUR 2.01 to 2.44 per
single-trip bus fare.

Yang et al. [20] South Korea
The public’s WTP for expanding hydrogen stations from 20
in 2016 to 100 by 2020 was KRW 2258 (USD 2.04) per
household per year.

Lee et al. [21] South Korea The mean willingness-to-accept for vehicle-to-grid service
was KRW 9821 (USD 8.83) per month, per vehicle.

Kim et al. [5] South Korea The mean WTP for introducing power-to-heat was KRW
4348 (USD 3.59) per household per year.

Kowalska-Pyzalska [22] Poland The mean WTP for green electricity was PLN 2.83 (USD 3.5
USD) per month.

The application of CV is largely standardized in the literature. The process of applying
CV consists of three main steps, which are shown in Figure 1. A questionnaire is prepared
in the first step with great caution. The employment of CV requires a survey of individuals
with a well-prepared questionnaire. Thus, a CV questionnaire should be adequately
prepared and modified so that respondents can read it without difficulty, and can easily
understand it [25–28]. In the second step, data are collected from conducting the CV survey.
For the purpose of obtaining reliable observations in applying CV, the guidelines given
in the Korea Development Institute [29], Johnston et al. [30], and Sajise et al. [31] must be
carefully followed. The collected data are statistically analyzed to derive some necessary
information in the third step. Among the various models to deal with CV data, a model
widely accepted and applied in the literature should be adopted [32].

Figure 1. Process of applying contingent valuation in this study.
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2.2. Step 1: Questionnaire Preparation

The important points in the first stage, questionnaire design, are summarized in three
ways. First, the goods to be evaluated must be clearly presented. In this study, the reference
state (Q0) is that there are no ICSs, and only 512,000 EV charging stations (12,000 fast EV
charging stations and 500,000 slow ones) by 2025. The target state (Q1) is that all 512,000 EV
charging stations will be built with ICSs by 2025. The goods to be evaluated should be
explicitly a move from Q0 to Q1. In particular, sufficient explanations of constructing ICSs
for a V2G system should be provided to the respondents so that they can understand the
goods without any difficulties. Consequently, the goods to be evaluated were described to
the respondents in the questionnaire as follows:

“For compensating the intermittence and variability involved in the VRE, the gov-
ernment has the intention of introducing a V2G system that utilizes EVs as a type of ESS.
With the introduction, there is no need to construct additional ESS, power plants, and
transmission lines in preparation for suspension of RE supply, which can save costs and
prevent social conflicts such as resident opposition. In addition, since there is a lot of traffic
in the downtown area, the V2G system has an advantage as a distributed power source.
However, to introduce the V2G system, it is necessary to build an ICS infrastructure that
connects EVs and the grid, which has a high cost”.

Moreover, four effects expected from constructing ICSs for a V2G system were ex-
plained to the respondents. First, VRE resources can be efficiently utilized because it is not
necessary to curtail the power from VRE, or at least the frequency of such curtailments is
drastically reduced. Second, this reduces the demand for additional construction of fossil
fuel-based power plants, which in turn can reduce emissions of GHGs and air pollutants.
Third, energy security can be enhanced by curbing the importation of fuel needed for fossil
fuel-based power plants. Fourth, the stability of the supply of power may be improved by
shaving the peak demand for power.

Second, the WTP induction method and the payment vehicle are determined. The
open-ended question format asks respondents directly about the magnitude of the WTP. Re-
spondents may be embarrassed when an open-ended question is asked, which may increase
their objection to the survey itself or the probability of reporting protest responses. On the
other hand, the closed-ended question format, which asks respondents about whether they
are willing to pay a presented bid, can avoid this problem. A dichotomous choice (DC)
questioning method was applied to induce the WTP. That method has the advantage of
preventing protest bid responses and inducing an incentive-compatible response, as it asks
whether or not the respondent has the intention of paying a predetermined bid amount
instead of plainly asking the size of the WTP [33].

Specifically, of several kinds of DC questioning methods, the one-and-one-half-bound
DC (OBDC) one was chosen to elicit the respondents’ WTP. As mentioned earlier, the
government tries to cover the costs associated with the construction of an ICS infrastructure
with taxes, which are public resources. Therefore, the income tax was selected as a payment
vehicle, considering that it is concerned with the goods under investigation and is familiar
to the respondents. In addition, the unit of payment was clearly presented as a household,
the frequency of payment was annual, and the payment period was set as 10 years.

Third, the entire contents of the questionnaire should be easily understood and well-
accepted by the respondents. To this end, a preliminary draft questionnaire prepared by
the authors was reviewed by the supervisors from the polling company and a focus group
comprising 10 people. As a result, all parts that were considered incomprehensible or
inaccurate could be adequately corrected. In addition, color photographic data were also
provided to the respondents to help them figure out the goods to be valued. In other words,
color visual cards were used in the survey along with the final revised questionnaire.

2.3. Step 2: Survey Implementation

The decisions to be made for the second step, the survey implementation, can be
summarized in four points. The first point concerns the method of conducting the survey.
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In this study, the face-to-face interview method was selected. Other interview methods
using the Internet, telephone, or mail have difficulty avoiding sample selection bias, and
it is not easy to explain to respondents the purpose of the survey and the main survey
contents sufficiently. The second point is the unit of survey. This was determined as
the household rather than the individual, considering that the payment vehicle selected
was income tax per household. Therefore, the number of households, not the number of
individuals, should be used when calculating a national version of the WTP.

The third point is who will extract the respondents and interview the extracted re-
spondents in the CV survey. The first option, of course, is the authors. However, they
lack experience in sampling and interviews. Regarding sampling and interviews, it is
reasonable to obtain help from a company specializing in public opinion polls. Accordingly,
the authors entrusted the entire process of the survey to a specialized polling company.
The final point is the sample size. This was determined to be 1000. Ordinary public opinion
polls in South Korea are urged to use this figure by the Korea Development Institute [29].
Moreover, this size was supported by Arrow et al. [34].

2.4. Step 3: Data Analysis

The utility difference model given by Hanemann [35] was basically adopted to analyze
the DC CV data. The model notes that if the response to the WTP question is “yes,” the
utility ensuing from paying the bid amount is greater than that ensuing from not paying it.
That is, the difference between these two utilities is greater than zero. This point enables us
to model the probability of answering “yes” to a bid amount, P. Two bid amounts, PU and
PL, have to be determined beforehand in applying the OBDC model. PL is lower than PU .
Half of all respondents were presented with a lower bid amount, PL, first, and the other
half were presented with an upper bid amount, PU , first. If the answer to PL is “no” or the
answer to PU “yes,” no other questions are required. However, if the answer to PL is “yes”
or the answer to PU is “no,” PU or PL are additionally presented, respectively. Thus, some
people face two WTP questions, while others face only one WTP question. As a result,
there are a total of six possible cases, as follows:

(i) If the response is “no”, WTP ≤ PL,
(ii) If the response is “yes-no”, PL < WTP ≤ PU ,
(iii) If the response is “yes-yes”, PU < WTP.
(iv) If the response is “no-no”, WTP ≤ PL,
(v) If the response is “no-yes”, PL < WTP ≤ PU ,
(vi) If the response is “yes”, PU < WTP.

From (i) to (iii) are cases where the lower bid (PL) is presented first, and from (iv) to
(vi) are answers derived when the higher bid (PU) is presented first.

Furthermore, respondents who answer “no” to the lower amount, PL, should be
identified if they have positive or zero WTP. To this end, a question of whether or not
they intended to pay a penny was additionally offered to them. Finally, the WTP of each
respondent, W, corresponds to one of the following four cases.

⎧⎪⎪⎨
⎪⎪⎩

W = 0
0 < W < PL

PL ≤ W < PU

PU ≤ W

(1)

where GW(·) is the cumulative distribution function of W.
The probability of accepting the payment of P is Pr(P ≤ W) = 1 − GW(P; θ) where θ

is a parameter vector of GW(·). Looking at Equation (1), the first case means point data,
and the other three cases imply interval data. Therefore, it is required to apply a specially
designed model to deal with point data and interval data in one configuration. Taking this
into account, the spike model developed by Kriström [36] is applied in this study. This is
because it has been found in empirical studies that the model is useful, as well as most
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widely applied to dealing with data on WTP with many zero observations [37]. Let θ be
(θ0, θ1). In the spike model, Gw(P; θ) is often formulated as:

Gw(P; θ) =

⎧⎪⎨
⎪⎩

0 if W < 0
[1 + exp(θ0)]

−1 if W = 0
[1 + exp(θ0 − θ1P)]−1 if W > 0

(2)

If covariates concerning the characteristics of a respondent are additionally penetrated
into Equation (2), θ0 can be replaced by β′c where β is a parameter vector that matches the
covariate vector, c. The spike, meaning the probability of W = 0, is [1 + exp(θ0)]

−1. The
average of W is derived as

(
1
θ1

)
ln[1 + exp(θ0)].

3. Results

During March 2021, the CV survey was conducted nationwide. Respondents had
no particular difficulty in responding to the WTP questions. If some items were not
answered, or it was judged that they were not sincere in filling out the questionnaire, the
questionnaire was boldly discarded and further investigation was conducted on other
respondents. Finally, the survey of 1000 households was completed. Table 2 summarizes
the answers to the bid amounts offered to the respondents. The upper and lower panels of
the table show the answers when PL and PU are presented first, respectively. Overall, it
can be seen that as the bid presented first increases, the number of “yes” answers decreases.
In the second column from the right, “no-no” and “no-no-no” answers indicate a WTP of
zero. That is, the number of respondents with W = 0 is 590 (= 281 + 309).

Table 2. Summary of answers to each set of bids.

Bids a Number of Answers

First Second “Yes-Yes” “Yes-No” “No-Yes” “No-No” Totals

1000 3000 20 20 3 29 72
2000 4000 8 23 8 33 72
3000 6000 9 14 9 39 71
4000 8000 5 17 5 44 71
6000 10,000 3 13 11 44 71
8000 12,000 4 8 13 46 71

10,000 15,000 4 11 11 46 72
Totals 53 106 60 281 500

First Second “Yes” “No-Yes” “No-No-Yes” “No-No-No” Totals

3000 1000 19 8 3 41 71
4000 2000 24 13 5 30 72
6000 3000 12 6 4 50 72
8000 4000 12 4 10 45 71

10,000 6000 9 3 15 44 71
12,000 8000 9 2 14 46 71
15,000 10,000 7 2 10 53 72

Totals 92 38 61 309 500
a The unit is Korean won (USD 1.0 = KRW 1145 at the time of the survey).

Although the survey was conducted in March 2021, about two years ago, the scenario
set in this study is still significant in two respects. First, it is the stability of the government’s
EV supply plan. In South Korea, a plan to supply eco-friendly vehicles is being established
every five years under the ‘Eco-friendly Vehicle Act’. Electric cars are representative eco-
friendly vehicles. In the future, the supply of eco-friendly vehicles will increase, and EVs
will be responsible for most of the supply. As a result, the deployment of V2G systems will
increase, and the government is still very interested in public WTP for ICSs for V2G. Second,
ICS construction for the introduction of V2G systems is still in the empirical research stage
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due to technical limitations. In other words, since there is no ICS established so far, and the
policy for introducing the V2G system is still in the preimplementation stage, the current
state and target state scenarios set in the CV survey of this study are still valid. Therefore,
the authors think that the analysis results of the data collected two years ago still provide
useful implications for policy officials.

One more thing that needs to be emphasized is that the beneficiaries of the benefits
arising from the ICSs for V2G covered in this study are not limited to EV owners, but to
the entire population. This is because ICSs for V2G will primarily benefit EV owners, but
ultimately create positive effects such as efficient use of surplus electricity produced from
VRE, reducing greenhouse gas and air pollutant emissions, improving energy security,
and improving power supply stability. Therefore, EV owners were not only considered in
selecting survey subjects. Respondents from all over the country were randomly selected.
Of course, the construction of the ICSs for V2G allows EV owners to gain financial benefits
from power transactions, but this is not the focus of this study. The subject of evaluation
of this study is the various benefits to the entire people due to the construction of ICSs
for V2G.

It is necessary to check if a response effect involved in the OBDC questioning method
takes place or not. The response effect is related to the second question. Thus, a model
that does not use the answers to the second question can be considered. To this end, the
single-bound DC (SBDC) model using the response to only the first question was also
applied. If there is no significant distinction between the results from OBDC and SBDC
models, it can be accepted that the response effect does not occur. Otherwise, since there
exists the response effect, it is desirable to adopt the estimation results from the SBDC
model. Table 3 shows the estimation results of both models.

Table 3. Results from estimating the models.

Variables
One-and-One-Half
Bounded Model d

Single-Bound
Model d

Constant −0.3651 (−5.71) # −0.3719 (−5.80) #

Bid amount a −0.1810 (−17.68) # −0.1305 (−13.47) #

Spike 0.5903 (38.15) # 0.5919 (38.25) #

Yearly average household
willingness to pay

t-values
95% CI b

KRW 2912 (USD 2.54)
15.32 #

KRW 2574 to 3316
(USD 2.25 to 2.90)

KRW 4017 (USD 3.51)
12.52 #

KRW 3462 to 4715
(USD 3.02 to 4.12)

Log-likelihood −1133.67 −928.76
Wald statistics (p-values) c 422.49 (0.000) 261.66 (0.000)
Sample size 1000 1000

a The unit is KRW 1000 (USD 0.87). b It means confidence interval computed using the method given by Krinsky
and Robb [38]. c The null hypothesis is that the model is mis-specified. d The values shown in the parentheses
next to the coefficient estimates are t-values. # Implies that the estimate holds statistical significance at the
5% level.

Statistical significance at the 1% level is secured for the estimated coefficients for the
constant term and the bid amount of the two models. Particularly, the coefficient for the bid
amount has a negative sign. This implies that as the size of the bid increases, the probability
of accepting the payment of it diminishes. Thus, the respondents appropriately provided
WTP responses in the CV survey. The null hypothesis for the Wald statistic is that the
coefficients are all zero. The hypothesis can be rejected in both models. The estimates
found in the two models for the spikes, 0.5903 and 0.5919, respectively, were statistically
significant. As mentioned above, the sample proportion of zero WTP observations was
59.0%, which is almost equal to the spike values. Consequently, the spike models were
reasonably estimated.

By putting the estimates of the two models into the average WTP formula presented
by Kriström [36], KRW 2912 (USD 2.54) and KRW 4017 (USD 3.51), respectively, were
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statistically significantly discovered for the yearly average WTP per household in the two
models. Interestingly, the latter is much greater than the former. The gap is KRW 1105
(USD 0.96), accounting for 37.9% of the average WTP from the OBDC model. We are faced
with the challenge of choosing one of these two and using it in the further analysis.

In this regard, an overlap test is adopted to examine whether the gap is significant.
The test takes two steps. First, the 95% confidence intervals (CIs) are constructed for the
average WTP estimates. In this research, the technique given by Krinsky and Robb [38] is
used. Second, it is checked if the 95% CIs overlap each other or not. As shown in Table 2,
the CIs do not overlap. It appears that a response effect as reported by Bateman et al. [39]
exists in the OBDC model. Furthermore, the response effect significantly lowers the average
WTP estimate. Consequently, the SBDC model is preferred to the OBDC model in this
research. The SBDC model forms the basis of the following discussion.

4. Discussion of the Results

Three aspects will be discussed in relation to the above results. First, the effect of
several variables related to the respondent on the WTP response can be explored. Five in-
dividual characteristics were selected for the exploration. Table 4 presents information
about these. Specifically, there are two variables, Education and Knowledge, related to the
individual characteristics of the respondent, and three variables, Income, Metro, and Solar,
related to the respondent’s household.

Table 4. Description of variables used in the model.

Variables Definitions Mean
Standard

Deviation

Education The respondent’s education level
in years. 14.24 2.13

Income The respondent household’s monthly
income (unit: million Korean won). 4.88 1.98

Metro
The respondent’s residence
(0 = non-Seoul Metropolitan area;
1 = Seoul Metropolitan area).

0.53 0.50

Knowledge
Whether the respondent recognizes the
vehicle-to-grid system before seeing the
questionnaire (0 = no; 1 = yes).

0.05 0.22

Solar Whether there is a solar power facility in
the respondent’s house (0 = no; 1 = yes). 0.03 0.18

Table 5 reports the estimation results of the SBDC model including the covariates.
All of the coefficient estimates have statistical significance. Incidentally, their signs are
all positive. For instance, the respondent’s level of education or income is positively
correlated to the probability of responding “yes” to a bid. Coefficients for other variables
can be interpreted similarly. The estimated yearly average WTP for the construction of an
ICS infrastructure is KRW 3522 (USD 3.08) per household, of which, the t-value is 12.50.
Therefore, it is distinguishable from zero at a significance level of 1%. The Wald statistic
computed under the null hypothesis that all of the parameter estimates are jointly zero is
156.21, and its p-value is 0.000. Thus, the hypothesis can be rejected at a significance level of
1%. The estimate for the spike is 0.5977, which is close to the sample proportion of 0.5900
and has statistical meaningfulness.

Second, the sample version of the average WTP can be extended to the population
version of WTP. In the extension, two points are important. The first point is to determine
the appropriate size of the population. When the survey was performed, South Korea had
21,278,321 households [40]. This number is used for the size of the population. The second
point is the representativeness of the sample. In this respect, a specialized polling company
implemented the sampling while maintaining consistency with the characteristics of the
population. Thus, the extension can be attempted without causing much controversy. In
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this study, the population becomes the whole of South Korea. The average household WTP
for the construction of an ICS infrastructure obtained above was KRW 4017 (USD 3.51) per
annum. The yearly national WTP becomes KRW 85.48 billion (USD 74.65 million).

Table 5. Results from estimating the single-bound model with covariates.

Variables a Coefficient Estimates e

Constant −2.9602 (−6.12) #

Bid amount b −0.1461 (−13.49) #

Education 0.1105 (3.26) #

Income 0.0670 (2.05) #

Metro 1.0598 (7.33) #

Knowledge 1.2989 (4.32) #

Solar 0.9878 (2.74) #

Spike 0.5977 (36.40) #

Yearly average household willingness to pay
t-value
95% CI c

KRW 3522 (USD 3.08)
12.50 #

KRW 3028 to 4142 (USD 2.64 to 3.62)
Log-likelihood −862.37
Wald statistic (p-value) d 156.21 (0.000)
Sample size 1000

a They are described in Table 4. b The unit is KRW 1000 (USD 0.87). c It means confidence interval computed
using the method given by Krinsky and Robb [38]. d The null hypothesis is that the model is mis-specified. e The
values shown in the parentheses next to the coefficient estimates are t-values. # Implies that the estimate holds
statistical significance at the 5% level.

Third, the present value of the population version of the annual WTP needs to be
computed. The duration of the occurrence of the annual WTP was suggested to be ten
years from 2022 to 2031 in the CV survey. Currently, an appropriate social discount rate is
recommended to be 4.5% by the government. With these two pieces of information, the total
present value as of the end of 2022 can be computed as KRW 676.4 billion (USD 590.7 mil-
lion). To check the economic feasibility of the construction of an ICS infrastructure, this
value can be compared with the cost corresponding to it. However, it is difficult to ob-
tain specific information on the total cost of this construction project. This is because the
V2G system is still in the empirical research stage and there is no case where an ICS has
been built.

Thus, the government budget invested in related projects in the past can be considered
as a proxy for the cost. The relationship between the government budget and the WTP
derived in this study can be explained in two main aspects. First, since the construction
of the ICSs for V2G is promoted by the government, not by the private sector, all of the
costs related to its construction are filled by the government budget. In other words, ICSs
for V2G are built by the government with financial resources raised by taxes. Second, it
is desirable that the appropriate level of budget allocated to a specific project set by the
government does not exceed the economic benefits generated by the project. The public
WTP for ICS construction derived from this study can be interpreted as an economic benefit
arising from the construction. Therefore, it would be desirable for the government budget
for ICS construction projects not to exceed the total WTP amount derived in this study.
Although the construction cost of ICSs for V2G has not yet been accurately calculated, it
can be compared to the results of this study if the cost is calculated in the future.

The total budget invested by the government for the ten years from 2011 to 2020
to build an EV charging station infrastructure in the early stage of introducing EVs was
KRW 668.9 billion (USD 584.2 million). Since constructing an ICS infrastructure means
attaching an interactive charger to an existing EV charger, the construction is expected to
cost less than the cost invested in building the infrastructure for the initial EV charging
stations. The total present value is larger than the total budget invested by the government
to build the infrastructure for EV charging stations over the past ten years. It seems that
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constructing the ICS infrastructure is socially beneficial. Of course, after obtaining accurate
cost information, the work of more strictly comparing the value obtained in this study with
it should be followed.

However, there are still issues to be resolved for the successful introduction of a V2G
system, and especially, the opinions collected in this survey can be largely summarized
into four categories. First, it is necessary to introduce a charging and discharging rate
system exclusively for V2G. There is still only an EV charging rate system in South Korea,
and no discharge rate. In addition, it is necessary to prepare a differentiated charging and
discharging rate system by time and season. Second, specific methods of participating in
the V2G system should be disclosed. Since the public’s overall understanding of the V2G
concept is still at a low level, various information such as ICS location, real-time price, and
mandatory access time must be provided to users, including potential users, easily and
clearly for the successful introduction of the V2G system.

Third, appropriate incentives should be provided to V2G system participants. The
benefits of providing power reserves due to the V2G system will be enjoyed by the entire
nation. Therefore, in consideration of the social benefits, V2G system participants should
be provided with incentives for participating in the system, in addition to the profits from
energy arbitrage. This can be an effective inducement to sufficiently secure EVs required
to activate the V2G system. Fourth, it is necessary to resolve public concerns and distrust
about the possibility of fire and shortening the life of EVs due to frequent battery charging
and discharging. It is necessary to promote and improve public awareness that the fire
and life shortening problems can be prevented through several means such as a battery
management system.

As mentioned earlier, the purpose of this paper is not to develop innovative method-
ologies or creative ideas, but to evaluate the benefits of certain policies that the South
Korean government intends to pursue. In other words, in a situation where an ESS is
needed due to the expansion of VRE, this paper attempts to quantitatively analyze the eco-
nomic benefits of ICS construction for the introduction of V2G, one of the ESS alternatives,
using CV. CV has been widely applied for the valuation of nonmarket goods, and Table 6
summarizes the results of this study and the results of similar previous studies. Although
the same methodology was applied, it is difficult to compare the results of each study with
each other because the previous research cases and this study differ in five main aspects:
evaluation target, sample size, survey method, survey time, and model.

Table 6. Summary of the results of previous studies and this study using contingent valuation.

Sources Countries Object to Be Valued Mean Willingness to Pay

Bigerna and Polinori
[19] Italy Introduction of

hydrogen bus
EUR 2.01 to 2.44 per
single-trip bus fare

Yang et al. [20] South Korea Expanding hydrogen
stations

KRW 2258 (USD 2.04) per
household per year

Lee et al. [21] South Korea Vehicle-to-grid service KRW 9821 (USD 8.83)
per month, per vehicle

Kim et al. [5] South Korea Introducing
power-to-heat

KRW 4348 (USD 3.59) per
household per year

Kowalska-Pyzalska [22] Poland Green electricity PLN 2.83 (USD 3.5 USD)
per month

This study South Korea
Construction of

interactive charging
stations

KRW 3522 (USD 3.08) per
household per year

Since the methodology used in this study has already been developed a long time
ago and its framework has been established to some extent, it is difficult to say that it is
innovative. Nevertheless, the implications of this paper can be useful in three aspects.
First, to the extent that the authors know, this study is the first attempt in the literature
to evaluate the public WTP for ICS construction for the introduction of V2G. There have
been quite a few research cases in which CVs have been applied to energy issues, but it is
difficult to find cases in which CVs have been applied in evaluating the economic value
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of infrastructure construction for V2G. Second, policy officials were provided with basic
data to determine the budget for the ICS construction project or to evaluate the economic
feasibility of the project. The government was demanding information on economic benefits
for the construction of ICSs, which is preemptively necessary for the introduction of V2G
systems, but this information has not been available so far. Third, other countries that are
planning policies similar to South Korea may refer to their findings.

5. Conclusions

The government is considering introducing a V2G system to overcome the problem of
variability and intermittence involved in VRE. For its introduction, an ICS connecting EVs
and the power grid is required, and the government intends to construct the infrastructure
by investing public funds. In this regard, this research attempted to quantitatively examine
household WTP for the construction by using CV. For the sake of eliciting the WTP response,
the OBDC model was adopted. For comparison, the SBDC model, which uses only the
response to the first question in the OBDC model, was also applied. A spike model with a
considerable plausibility that could explicitly deal with zero WTP responses was employed.
Consequently, the estimation results of the SBDC model were used for further policy
analysis. The average household WTP was statistically significantly derived as KRW 4017
(USD 3.51) per year. Its population value was KRW 85.48 billion (USD 74.65 million) per
annum. The present value corresponding to ten years’ payment was KRW 676.4 billion
(USD 590.7 million) as of the end of 2022. This value is clearly significant, and appears to
be greater than the cost involved in constructing the ICSs for V2G.

Of course, the construction of an ICS infrastructure does not guarantee the successful
introduction of a V2G system. As can be seen from the four issues discussed above,
a systematic system necessary for operating the V2G system and a support policy for
participants should be established. If the 30.6% RE supply target is achieved by 2036, it
will be a key task to stably include intermittent RE in the power system. Accordingly,
various types of flexible resources are required. The EV resources can be used in downtown
areas with a high demand for electricity, and can contribute to stabilizing RE output by
being used as reserve power. Therefore, for the introduction of a V2G system, efforts such
as system preparation, infrastructure construction, and public awareness improvement
are necessary.

The results obtained from this research have three policy implications. The first
implication is that the upper limit of the government budget invested in constructing an ICS
infrastructure for a V2G system was quantitatively calculated. The estimated total benefit
can be interpreted as the upper limit, and the government can refer to this information when
allocating the budget. The second implication is that among the individual characteristics of
the respondents, factors affecting the WTP response were identified. When the government
selects target areas for constructing ICSs, it can give priority to places where a group with
a high preference resides. The third implication is that 59.0% of all respondents had no
intention of paying for the construction. This indicates that more than half of all households
are negative or indifferent to the construction. Therefore, in order for the government to
successfully promote the construction project and introduce a V2G system, it is necessary to
persuade the public through publicity about its effectiveness or institutional improvement
and support.

To complement the implications of this study more abundantly, three further studies
can be conducted in the future. First, it is necessary to evaluate the public’s acceptability
of the charging and discharging rate system exclusively for a V2G system. Second, as the
WTP for constructing ICSs can vary from region to region, it can be estimated by region
by obtaining a greater budget for the survey and increasing the sample size. Third, it
would also be meaningful to try experiments related to CV data analysis. For example, a
comparison of results using various DC questioning methods. In this study, the OBDC
model and the SBDC model were compared, but the double-bound DC model may be
considered additionally.
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Abstract: Investigating the correlation between urban mobility patterns and the built environment
is crucial to support an integrated approach to transportation and land-use planning in modern
cities. In this study, we aim to conduct a data-driven analysis of these two interrelated parts of
the urban environment through the estimation of a set of metrics to assist city planners in making
well-informed strategic decisions. Metrics are computed by aggregating and correlating different
types of data sources. Floating Car Data (FCD) are used to compute metrics on mobility demand
and traffic patterns. The built environment metrics are mainly derived from population and housing
census data, as well as by investigating the topology and the functional classification adopted in
the OpenStreetMap Repository to describe the importance and the role of each street in the overall
network. Thanks to this set of metrics, accessibility indexes are then estimated to capture and
explain the interaction between traffic patterns and the built environment in three Italian cities:
Brescia, Catania, and Salerno. The results confirm that the proposed data-driven approach can extract
valuable information to support decisions leading to more sustainable urban mobility volumes and
patterns. More specifically, the application results show how the physical shape of each city and
the related street network characteristics affect the accessibility profiles of different city zones and,
consequently, the associated traffic patterns and travel delays. In particular, the combined analysis of
city layouts, street network distributions, and floating car profiles suggests that cities such as Brescia,
which is characterized by a homogeneously distributed radial street system, exhibit a more balanced
spread of activities and efficient mobility behaviors.

Keywords: mobility patterns; built environment; Floating Car Data; OpenStreetMap repository; road
network; accessibility

1. Introduction

The relationship between land use and mobility patterns has been a research topic
for years, due to its importance in traffic management and urban planning [1]. Indeed,
the knowledge of this relationship supports the adoption of policies regarding sustainable
planning for the increase in the efficiency of transportation systems [2], for supporting the
street network design [3], and for the improvement of social equity and inclusion in terms
of access to services and activities [4,5].

The several studies on the topic can be differentiated in terms of investigated mobility
options, data adopted, and related metrics computed.

For example, there are studies concentrating on walking mode, as in the case of the
“15 min city” [6], where the positive effect of mixed-land-use policy to walking accessibility
has been investigated in the city of Milan.

Other studies have focused on car travel mode: in [7], the impact of the built envi-
ronment and activities on private mobility has been analyzed by taking into consideration
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the “3 Ds” (Density of population and workers; Diversity of types of activities and land-
use; Design for transportation supply). Others have concentrated on the case of public
transportation: [8], for example, used both land-use variables (population density, service
facility density, etc.) and transport variables (bus stops, road density, etc.) to evaluate the
public transport ridership in each traffic zone. Finally, studies exist considering together
cars, walking, and public transportation, such as [9], which underlined that population
and workers density allow the decrease in travel times and car use for the benefit of public
transport, or [10], where the distance to transit and destination accessibility have been
added to the “3 Ds” analyzed in [7].

About data, in [11], open data such as Points Of Interest (POIs) and the road network
from Open Street Map have been used as independent variables for a model for the fruition
of car-hailing, also demonstrating the changes in the impact of land-use on mobility pat-
terns during the day. Indeed, infrastructural indicators, such as the length of the different
road types in each zone, their density and distribution, as well as the capacity and the per-
formances of the transportation supply, could give information about accessibility [12,13]
or about the classification of the land-use (i.e., residential areas are characterized by local
streets with low capacity and low speeds; instead, industrial hubs are often served by road
with high capacity).

Floating Car Data (FCD) are adopted even more for exploiting human mobility be-
haviors and to derive useful insights into urban and transportation planning. For example,
Ref. [14] captured the spatiotemporal evolution of urban hot zones from people’s arrive-
stay-leave (ASL) behavior, which is fundamental where changes or improvements in urban
networks must be planned. Moreover, it is underlined how much the stay time by FCD
and its correlation with additional sources of data such as Points Of Interest (POIs) could
stimulate the research on transport and urban planning. Ref. [15] explored the relationship
between urban mobility by FCD and specific built environment factors (e.g., average house
price, scenic spots, or shopping areas) in Shanghai through an ordinal logistic regression
(OLR) analysis to help better understand their relationship. Ref. [16] built a mobility-related
typology of territorial zones by investigating vehicle movements by FCD in the Great Paris
region; they found that the derived mobility types of zones have a correspondence with
the common recognition of their social functions. In addition, in [17], significant places
have been localized in the Metropolitan Region of Paris by mining trajectories and activity
durations from FCD.

Our work is a first step to computing data-driven metrics for the investigation of the
mutual interaction between the transportation system and the land use, with a specific
focus on private transport. However, despite the analyses matching big data from traffic
with the built environment usually focusing on large urban networks, we decided to focus
on three medium-size cities. Taking inspiration from previous studies in the literature,
metrics are computed by adopting different layers of data (Floating Car Data, Census data,
and Open Street Map data); FCD allow one to derive traffic performances as seen in [18]
and to use these performances for the computation of the zone’s accessibility (similarly
to the case in [19]); the built environment derives from population and employees data,
together with the physical structure of the road network [20]. The 3 medium-size cities are
Brescia, Catania, and Salerno, located in Italy and characterized by different urban forms
(in terms of road network structure) and land-use activities.

The proposed data-driven metrics as well as their relationship could be the base for the
development of a Decision Support System module supporting planners and engineers to
localize the critical elements (e.g., zones) and to investigate the impact of planning policies.

The paper is structured as follows: the method of analysis is described in the following
section, and then the results of the metrics computation for the three medium-size Italian
cities are presented and discussed. Finally, the conclusion and the future research ideas
are given.
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2. Methods

The analysis framework is applied with the same criteria to three medium-sized cities
(Brescia, Catania, and Salerno), allowing for a direct comparison based on the proposed
zonal metrics and accessibility scores.

The three cities are selected for their differences in terms of shape, extension, and
density. Catania and Salerno are in the south of Italy, respectively, in Sicily and Campania
regions. Salerno is a city economically based on the commercial and tertiary sectors, with a
port in the north of the city, which is hub of several commercial and touristic flows (due to
the proximity with the Amalfi coast). Catania is a medium-sized city and the core city of
a metropolitan region. Catania has a strong agricultural sector, an important commercial
and touristic port (both commercial and for ferries), and a large industrial district (Etna
Valley). The street networks of Catania and Salerno, in fact, extend along the coastline.
Brescia, located in the north of Italy, is an important industrial and commercial city. Brescia
has a more regular morphology characterized by a street network having both a grid and a
radial structure.

Catania has an extension of 183 km2, about 296,000 inhabitants, and 130,000 employees.
Salerno is the smallest one, covering 59 km2, with about 132,000 inhabitants and 25,000 em-
ployees; finally, Brescia extends over 90 km2 with 196,000 inhabitants and 63,000 employees.

According to Figure 1, each city is divided with a regular hexagonal grid (side of
length 500 m) in order to obtain normalized maps without irregular shapes and to perform
standardized comparisons between different urban contexts. Thanks to its flexibility and
generalization feature, this approximation has been used in several research contexts, such
as the spatial accessibility analysis [21–23], where the availability of transport data collec-
tions is still growing [15,24]. Despite its higher computational complexity, hexagonal cell
tessellation is able to cover an entire geographical region without any gaps and overlap-
ping, ensuring a greater mapping accuracy with respect to other methods (e.g., circular or
square shapes). Moreover, the method allows a better distribution of centroids, an optimal
management of nearest neighborhoods, an easy matching of curve patterns, and irregular
territorial boundaries.

Figure 1. Workflow of the analysis framework.

The study adopts different sources and types of data for the analysis: open data (census
data; Open Street Map database—OSM) and GPS traces data from a fleet of privately owned
probe vehicles traveling across the three cities (Floating Car Data—FCD) (Figure 1).

Census data rely on the ISTAT database that provides information about inhabitants
and employees in each city census zone [25]. The assignment of census data to the hexago-
nal grid is applied through a procedure. It is based on the hypothesis that inhabitants and
employees are homogeneously distributed within the census zone; thus, the percentage of
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overlapping of each census zone and each hexagon is computed; the shares of population
and employees are proportionally assigned to the hexagon through these percentages.

OSM data rely on the road network in terms of road link classification (Figure 1) and
the related extension. Only infrastructures where cars are allowed to travel are selected.
Particularly, the selected street types have different capacity and speed limits, starting from
motorways to residential streets.

Census data and OSM allow us to compute metrics to fully characterize the built
environment.

FCD, as a sample representing the whole mobility in the city, are used to deduce
mobility and traffic patterns. FCD derive from probe vehicles, in particular, private cars,
tracked by an On-Board Unit every 30–60 s. FCD are filtered to remove measurement errors
and then aggregated by trip chains. Information extracted from the trip datasets includes
the id of the vehicle, the starting GPS coordinates, the departure time, the destination
GPS coordinates, the traveled distance, the travel time, and the dwell time. The resulting
datasets are:

1. Brescia: 65,720 trips of 3445 vehicles tracked during November 2019;
2. Catania: 182,701 trips of 7393 vehicles tracked during November 2019;
3. Salerno: 178,545 trips of 7479 vehicles tracked during October 2019.

The whole set of metrics computed through the data previously reported are shown
in Table 1.

Table 1. Mobility patterns and built environment metrics.

Mobility Patterns

Metrics Unit Note

Origin-Destination matrices (passenger car equivalent/time period)
FCD Demand Matrices for different time
periods (whole month of data; average of

weekdays; average of weekend days).

Generated trips (passenger car equivalent/time period)

Average number of vehicles generated by
each zone for different time periods

(average of the whole period; average of
weekdays during 7:00 a.m.–2:00 p.m.).

Attracted trips (passenger car equivalent/time period)

Average number of vehicles attracted by
each zone for different time periods

(average of the whole period; average of
weekdays during 7:00 a.m.–2:00 p.m.).

Time matrices (Minutes)

Average travel times between origin and
destination, during the whole period,

during weekdays and during
weekend days.

Travelled distance matrices (km)

Average distances between origin and
destination zone, for different time

periods (during the whole period, during
weekdays and during weekend days).

Distributions of trips during the day (Vehicles/h)
Number of vehicles departing in the hour

(average of weekdays; average of
weekend days).

Travel times (Minutes)

Average value, median value, and
standard deviation for different time

periods (the whole period; weekdays and
weekend days).
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Table 1. Cont.

Mobility Patterns

Metrics Unit Note

Distribution of travel times (%) Statistical distribution of travel times
during the whole period.

Distribution of average travel times
during the day (Minutes)

Average travel times of vehicles
departing in each hour of the day
(weekdays and weekend days).

Traveled distances (km)

Average value, median value, and
standard deviation for different time

periods (the whole period; weekdays and
weekend days).

Distribution of traveled distances (%) Statistical distribution of distances
traveled during the whole period.

Distribution of average distances traveled
during the day (km)

The average traveled distances in each
hour during weekdays and during

weekend days.

Distributions of classes of dwell times (%)
Statistical distributions of dwell times

(short dwell times and long dwell times)
during the whole month.

Mean speeds (km/h)

Average value, median value, and
standard deviation for different time

periods (the whole period; weekdays and
weekend days).

Distribution of mean speeds (%) Statistical distribution of mean speeds
during the whole period.

Distribution of average mean speeds
during the day (km/h)

Average mean speeds in each hour
during weekdays and during

weekend days.

Built Environment

Metrics Unit Note

Zone Population (Number) Number of inhabitants living in zone z.

Zone Employees (Number) Number of employees working in zone z.

Population distribution - Computed adopting the Gini index
reported in (1) to Zone Population.

Employees distribution - Computed adopting the Gini index
reported in (1) to Zone Employees.

Total road network of type i (km) Total length of road type i in the city.

Total road network extension (km) Total length of all the roads in the city.

Total road network of type i in zone z (km) Total length of road type i in zone z.

Total road network in zone z (km) Total length of all the roads in zone z.

Percentage of road type i (%) The percentage of length of road type i in
the city.

Percentage of road type i in zone z (%) The percentage of length of road type i in
the zone z.

Road network distribution of type i -
Computed adopting the Gini index

reported in (1) to Total length of road
type i in zone z.

Road network distribution -
Computed adopting the Gini index

reported in (1) to Total length of all the
roads in zone z.
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Table 1. Cont.

Interaction between Mobility Patterns and the Built Environment

Metrics Unit Note

Active potential accessibility of zone z (Employees/second) Computed according to (2).

Passive potential accessibility of zone z (Inhabitants/second) Computed according to (3).

The spatial distribution of data is computed adopting the Gini index [26]. It is usually
adopted to quantify the concentration of an economic variable and it assumes a value
between 0 (homogeneous distribution of the variable) and 1 (high concentration of the
variable), according to:

G =N−1
N ∗ ∑N−1

i=1 (Pi − Li)

∑N−1
i=1 Pi

(1)

where:

1. N is the total number of the elements of the sample (i.e., zones of the cities);
2. Pi = i/N is the rank of the i-th element;

3. Li =
∑i

k=1 xk

∑N
k=1 xk

is the concentration ratio to the i-th element of the variable xk (e.g., in

the case of computation of the Gini index for the distribution of population, xk is the
population assigned to the zone k).

As reported in Table 1, accessibility measures are also computed as a metric of the
interaction between the mobility patterns and the built environment.

The concept of accessibility is well-known [27]. Accessibility can be defined as the
easiness to reach activities from a starting zone or to be reached from several zones through
transportation infrastructures and services. Several formulations have been defined for
accessibility as a function of the selected variables [28,29], for example, based exclusively
on the performance of the transportation supply or based on the spatial distribution of
activities and on the cost to reach them. The proposed formulation for accessibility is
inspired by the gravitational law [30], considering socioeconomic characteristics such
as the attractive mass and the travel time between zones [31]. Particularly, two potential
accessibility metrics are computed: (i) the active one (Figure 2a) that measures the possibility
to reach several destinations and using their activities for a given zone; (ii) the passive one
(Figure 2b) that measures the possibility for a given zone to be easily reached from the
inhabitants of several origins.

Figure 2. Example of potential accessibility: (a) active; (b) passive.

The proposed formulation for the computation of active potential accessibility is:

AAi = ∑
j=1

emplj

tFCD
ij

(2)
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where:

1. i is the origin zone;
2. j is the destination zone;
3. emplj is the number of employees in zone j;

4. tFCD
ij is the average travel time between zones i and j as derived by FCD.

In a comparable way, the passive potential accessibility assumes the following formulation:

PAj = ∑
i=1

inhabi

tFCD
ij

(3)

where inhabi is the number of inhabitants of zone i.

3. Results

3.1. Mobility Patterns

Considering the 338 zones of Brescia, 522 of Catania, and 209 of Salerno, the trips,
as derived by FCD datasets, cover, respectively, 12%, 6%, and 20% of the O-D pairs, thus
obtaining very sparse demand matrices. However, the zones covered by at least one
generated trip are 77%, 59%, and 78%, respectively, for the three cities; similar coverage
has been obtained in terms of attracted trips. Comparing attracted trips and generated
trips with the respective employees and inhabitants, a high correlation index is obtained
(Pearson coefficient between 0.777 for Brescia and 0.908 for Salerno), demonstrating an
adequate representativeness of FCD with respect to the built environment despite the low
coverage in terms of O-D trips.

In terms of trip distribution during the daytime, Catania and Salerno show similar
trends in both the weekends and the weekdays; Brescia shows an evening peak just one
hour earlier with respect to Catania and Salerno during weekdays (two hours earlier on
weekend), thus reporting some differences in terms of mobility behaviors (activity duration
and/or departure time intervals).

Moving to traveled distances and travel times, the average of traveled distances per
trip in the whole month (thus, despite the time interval and the specific day, if weekday
or weekend) is equal to 4.64 km for Brescia (median 3.7 km, standard deviation 3.53 km),
5.17 km for Catania (median 3.9 km, standard deviation 4.27 km), and 5.05 km for Salerno
(median 3.8 km, standard deviation 4.11 km). According to these metrics and as shown
in Figure 3a, Brescia has 34% of trips with a traveled distance between 2 and 4 km, while
datasets of Catania and Salerno have, respectively, 31% and 30% of trips belonging to this
class, showing a stronger trend of Brescia for low distances than in the other two cities.
This confirms a more compact city structure for Brescia or at least a more mixed one.

The average travel times in the whole period (thus, despite the time interval and the
specific day, if weekday or weekend) are 14 min for Brescia (median 12 min, standard
deviation 8 min), 18 min for Catania (median 15 min, standard deviation 10 min), and
16 min for Salerno (median 13 min, standard deviation 10 min). In the dataset of Brescia,
the classes between 5 and 15 min represent 68% of the total trips, those in the dataset related
to Salerno represent 60%, and those for Catania represent half of the total trips sample
(Figure 3b). For travel time values over 15 min, the percentage of trips for the database of
Brescia considerably drops, while the percentages in the datasets of Catania and Salerno
decrease slowly. Again, as underlined in terms of distances traveled, it seems that Catania
and Salerno have a sprawled structure with respect to Brescia.
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Figure 3. Distribution of traveled distances (a) and distribution of travel times (b).

The average mean speed is 20 km/h for the database of Brescia (median 19 km/h,
standard deviation 8 km/h), 18 km/h for the database of Catania (median 16 km/h,
standard deviation 9 km/h), and 20 km/h for the database of Salerno (median 18 km/h,
standard deviation 9 km/h).

According to the distribution of Figure 4, mean speeds in the database of Brescia are
concentrated in a medium speed range, 30% of trips experience an average speed between
15 and 20 km/h, while trips in the database of Catania are concentrated in lower-speed
classes (between 10 and 15 km/h). If the observed speeds are analyzed according to the
peak hour in the morning, previous values are amplified as they reach 16 km/h for Catania,
while higher ones (about 19 km/h) are reached for both Brescia and Salerno.

 

Figure 4. Mean speed distribution.

3.2. Built Environment Analysis

The analysis of the built environment is conducted through the computation of density
of inhabitants (Figure 5) and employees in each hexagonal zone and of the Gini index for
quantifying the spatial distribution.
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Figure 5. Distribution of inhabitants in each zone: Brescia (a), Catania (b), and Salerno (c).

The city of Brescia has a density of 2094 inhabitants/km2 and 700 employees/km2.
The city shows a Gini index equal to 0.68 and 0.69 for the population distribution and for
the employees, respectively.

The city of Catania is the largest one, with a density of 1602 inhabitants/km2 (lower
than Brescia). The Gini index for population is 0.86, with the concentration in few zones (in
this case, in the northern part of the city, where its “core” center is located). Despite the
density of activities being similar to Brescia (711 employees/km2), it is also concentrated in
the “core” center, with a Gini index of 0.88.

The city of Salerno is the smallest one, with a density of 2251 inhabitants/km2 and a
Gini index for population of 0.83, with a high concentration along the coast and very low
values in the hinterland. Employees density is 423 employees/km2 (lower than Brescia and
Catania) with a Gini index of 0.87, showing a higher concentration near the harbor.

It must be underlined that, while both Catania and Salerno are city ports, the port
of Salerno is more remotely located with respect to the downtown than Catania. The
location of the port of Catania near the center of the city involves a higher concentration of
employees, whereas the position of the port of Salerno allows a slight minor concentration
of employees (in fact, the Gini Index is slightly lower than the one of Catania).

It should also be noticed that in Brescia, there are no zones with the highest-class value
of inhabitants (i.e., no yellow zones are reported in Figure 5).

Moving to the road network structure (Figure 6), in the three cities, the main road type
is the residential street covering more than 35% of the total network kilometers. Catania
and Salerno have higher percentages of high-speed roads (motorway and primary) than
Brescia. The Gini index of the road network is 0.26 for Brescia, demonstrating a more
uniform distribution of the street network, while the Gini indexes for Catania and Salerno
are, respectively, 0.57 and 0.44. Brescia has, in general, more roads for penetration in
the city center than the other two cities. Salerno has in its municipality an important
motorway—the A2 Salerno-Reggio Calabria.
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Figure 6. Distribution of road network by type.

3.3. Integrating Mobility Patterns and the Built Environment: The Potential Accessibility

The active potential accessibility, computed as reported in (2), is 22 employees/s for
Brescia (standard deviation 46 employees/s) with a Gini index of 0.79, 26 employees/s for
Catania (standard deviation 91 employees/s) with a Gini index of 0.91, and 13 employees/s
for Salerno (standard deviation 41 employees/s) with a Gini index of 0.90. Gini indexes for
active potential accessibility are slightly higher than the Gini indexes of employees.

Instead, for the passive potential accessibility (Figure 7), computed as reported in (3),
the average value is 68 inhabitants/s for Brescia (standard deviation 121 inhabitants/s)
with a Gini index of 0.77, 62 inhabitants/s for Catania (standard deviation 160 inhabi-
tants/s) with a Gini index of 0.88, and 69 inhabitants/s for Salerno (standard deviation
186 inhabitants/s) with a Gini index of 0.87.

Figure 7. Distribution of passive potential accessibility: Brescia (a), Catania (b), and Salerno (c).

4. Discussion

In this work, we promoted a data-driven framework regarding the interrelation
between mobility patterns, the built environment, and related accessibility in order to
analyze the correlation between the private transportation system and the land-use in three
cities.
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As seen in the results section and summarized in Figure 8, potential accessibility indi-
cators have slightly higher values of Gini indexes with respect to those of their respective
variable (e.g., passive accessibility with population and active accessibility with employees).
If the potential accessibility is higher than 0.8 (see Catania and Salerno, Figure 8), approxi-
mately the same values are obtained for population and employees’ distribution. Brescia
shows a reduction of approximately 0.1 between the Gini index of the potential accessibility
and the related socioeconomic factor. This result can be summarized, postulating that more
homogeneous conditions in terms of population and employees imply a higher possibility
to reach a high level of accessibility on the whole city.

Figure 8. Summary of Gini Indexes for each city.

Instead, observing the differences between the Gini index for the potential accessibility
and for the road network, the differences are higher where homogenous road structure
conditions can be assured. Thus, a very uniform and distributed road network, as in
the case of Brescia, can help in improving accessibility values, but it seems to be not
sufficient alone.

The spatial distribution computed through the Gini index is demonstrated to be
essential for this type of analysis: Salerno, in fact, shows the same passive potential
accessibility of Brescia on average, but in Salerno, the higher values of accessibility (and
population) are concentrated in few zones, while Brescia shows lower accessibility values
(and population values) at the zone level but is more evenly distributed.

The layout of the city (compact for Brescia, sprawled for the other two cases) impacts
the road infrastructures: Brescia has a radial structure that allows for the diffusion of the
built environment (Figure 5a) and the transportation supply in all the directions; in fact,
this city has the lowest Gini indexes for the distribution of population and employees
and for the distribution of the road network. Instead, Catania and Salerno have been
developed along the coast concentrating the built environment (Figure 5b,c) and the local
road network in their “cores”. The concentration of roads and activities impacts on the
revealed mobility patterns: the database of Catania has lowest average mean speeds and
highest trip times (Figures 3b and 4), while the database of Brescia reports the lowest
average travel time and highest average mean speed. These findings could involve the
hypothesis that Catania results as more congested than Brescia due to the concentration of
traffic flows to specific destinations and on few corridors. Thus, the layout of the city, also
dependent on its geographical location (in the hinterland for Brescia and along the coastline
for Salerno and Catania), must be considered in the integrated planning of transportation
systems and land-use. The structure of the city indeed allows the localization of potential
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areas to maximize the benefits of sustainable policies related to the growth of the city itself,
along with the identification of the critical elements that must be solved. Moreover, the
knowledge of the layout of the city and the metrics described above support the several best
practices usually applied in urban planning (e.g., a deep analysis of the road infrastructures
could avoid the construction of new buildings, directing the efforts toward sustainable
management policies of the existing transportation supply).

5. Conclusions

The present work is focused on the evaluation of the mutual impact between the
transportation systems and the land-use based on several metrics estimated from different
data sources and applied to three Italian medium-size cities: Brescia, Catania, and Salerno.

The results highlight this well-known interrelation showing how the layout of the city
and the geographical constraints impact the road infrastructures. In Brescia, the diffusion
of the built environment and the transportation supply follow a radial structure, due to
the lack of natural constraints in its potential territorial development, as confirmed by the
low Gini indexes for the distribution of population and employees and for the distribution
of the road network. Instead, Catania and Salerno have been developed along the coast
and, thus, present a concentrated built environment and road network. In addition, the low
mean speed and high travel times estimated for the municipality of Catania suggest that
this city is more congested than Brescia due to the concentration of traffic flows to specific
destinations and on few corridors. Catania also shows a high average value for potential
active accessibility with respect to the other cities, with a maximum concentration along
the coast, while Brescia has a lower value that is more distributed within the municipality,
demonstrating an extended use of its whole territory.

This work represents a first step toward the development of an extended analytical
framework aimed at investigating the complex relationship between private transportation
and the built environment.

In this context, future research will focus mainly on two topics.
First, the framework could be improved by estimating mean travel speeds and delays

in each city zone to obtain the spatial distribution of congestion [32,33]. Spatial distribution
and duration of the dwell-time could also be exploited by FCD to classify the land-use of
each zone (e.g., residential and commercial areas, industrial districts, and playgrounds) or
to evaluate the effects of parking policies and traffic restrictions.

Moreover, the framework can be extended to include other modes of transport, such
as public transport, in order to further capture the interaction between mobility and
land-use [34,35].
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Abstract: This article presents a bibliometric analysis of urban transportation research,
focusing on trends in urban mobility from 2018 to 2023. By analyzing 2000 articles from
617 journals in the Scopus database, this study identifies key themes, such as sustainable
transportation, smart mobility, and technology integration into transit systems. Emerg-
ing terms, such as public health, walkability, Simulation of Urban Mobility (SUMO), and
Network Simulator 3 (ns-3) highlight the growing intersection of transportation with en-
vironmental and societal factors. China has emerged as a leader in urban transportation
research, excelling in publication volume and international collaboration. Notable figures
and journals, such as Liu Y. and “Sustainability (Switzerland)”, emphasize the field’s inter-
disciplinary nature. The use of tools like the Analytic Hierarchy Process (AHP), simulation,
and a Geographic Information System (GIS) underscores a comprehensive approach to
sustainable urban mobility planning, helping planners make data-driven decisions. These
findings add vital insights into worldwide urban transportation research and provide
recommendations for future studies aimed at improving sustainable transportation policies
and practices.

Keywords: urban transportation; urban mobility; sustainability; bibliometric analysis;
Biblioshiny; VOS (visualization of similarities) viewer

1. Introduction

Transportation in urban areas affects key aspects of modern societies, such as the
quality of life, economic development, and environmental sustainability [1]. Rapid ur-
banization and population growth have exerted significant pressure on the planning and
management of urban transportation systems. Urban transportation research is critical
for comprehending these complex environmental and social interactions and developing
effective solutions [1].

In this context, bibliometric analysis is a powerful tool for understanding the quan-
titative and qualitative characteristics of the scientific literature on urban transportation.
Bibliometrics helps visualize the body of knowledge by examining the relationships be-
tween scientific publications, publication trends, most frequently cited works, and interdis-
ciplinary collaboration [2]. This type of analysis can help researchers and policymakers
identify important issues and trends in the field of urban transportation, shaping future
research and policy agenda.

Historically, urban transportation research has concentrated on the physical aspects of
transportation infrastructure, as well as the performance of public transportation networks.
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However, in recent years, technological improvements and shifting societal requirements
have prompted researchers and politicians to adopt broader approaches to this topic. This
larger approach encompasses issues such as sustainable transportation regulations, Intelli-
gent Transportation Systems, travel behavior analysis, environmental implications, and
social injustice [1]. Another key aspect of sustainable urban mobility is tackling gender dis-
parities, social exclusion, and equity challenges, all of which are critical to meeting Agenda
2030 goals. According to research, women and underprivileged communities frequently
experience severe impediments in accessing transportation systems, resulting in restricted
mobility, economic disadvantages, and social marginalization [3]. Urban transport research
has traditionally focused on the physical characteristics of transport infrastructure and the
performance of public transport systems. However, in recent years, technological advances
and changing societal needs have led researchers and policymakers to adopt a broader
perspective in this field. This broader perspective includes topics such as sustainable
transport policies, intelligent transport systems, travel behavior analysis, environmental
impacts, and social inequality [1]. Another critical dimension of sustainable urban mobility
involves addressing gender gaps, social exclusion, and equity issues, which are pivotal in
achieving the goals of Agenda 2030. Research highlights that women and marginalized
communities often face significant barriers in accessing transportation systems, resulting
in reduced mobility opportunities, economic disadvantages, and social exclusion [4]. By
taking into account the unique travel habits, security concerns, and accessibility require-
ments of various groups, gender-responsive and -inclusive transportation design seeks
to close these gaps. For example, initiatives such as improving last-mile connectivity,
integrating affordable and safe public transportation, and fostering pedestrian-friendly
environments can significantly reduce these inequalities. Incorporating these aspects into
urban transportation systems not only promotes equity, but also ensures that sustainable
mobility solutions are socially inclusive and aligned with broader Sustainable Development
Goals (SDGs). Future urban mobility policies must prioritize inclusivity as a cornerstone
for fostering a just and equitable transition to sustainable cities.

Bibliometric analysis provides an opportunity to examine the scientific literature on
a topic in detail. It serves as a means to provide a comprehensive overview of past and
current studies, visualize and map data, identify trends, shed light on future studies, and
offer a distinct advantage to researchers in these respects [5]. In this study, Biblioshiny,
a web-based bibliometric analysis platform, was used to collect and process numerous
academic publications in the field of urban transportation. Biblioshiny facilitates data
collection, evaluation, and visualization by providing information on the chronological
development of research in urban transportation, leading authors, journals, and keywords.
In addition, VOSviewer, an advanced network visualization tool, has been used to create
network maps showing keywords and their evolution over the years to reveal emerging
trends and research themes for urban transportation researchers [6,7].

This thorough bibliometric analysis aims to provide readers with a comprehensive un-
derstanding of the scholarly evolution of urban transportation research. Tracing significant
individuals and charting the changing boundaries of urban transportation studies reveals
scholarly milestones. Beyond satisfying the curiosity of academics, this effort is poised
to provide practical insights to decision-makers, policy practitioners, and researchers
to solve urban transportation problems and address complex real-world challenges in
urban transportation. By embarking on this bibliometric survey, the intention was to
introduce readers to the rich tapestry of research in the field of urban transportation and
explore the threads that connect the past, present, and future of the ever-evolving field of
transportation studies.
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Novelty of This Study

This study makes a unique contribution to the field of urban transportation research
by conducting a comprehensive bibliometric analysis that focuses exclusively on the recent
surge in research output between 2018 and 2023. Unlike previous bibliometric studies
that often cover broader or more generalized timeframes, this paper highlights emerging
themes, such as the integration of public health, advanced simulation tools (e.g., SUMO and
ns-3), and interdisciplinary approaches to urban mobility. By combining Biblioshiny and
VOSviewer to map the evolution to visualize the evolution of keywords and collaborative
networks, this study provides fresh insights into global trends, research hotspots, and
technological innovations that shape urban transportation research. These findings not
only fill a gap in the literature, but also offer direction for researchers, policymakers, and
urban planners.

The existing literature on urban transportation and sustainable mobility has primar-
ily focused on specific regional or temporal contexts, with few comprehensive reviews
providing a global perspective on recent trends and innovations. This study fills this
gap by conducting a bibliometric analysis of 2000 articles published between 2018 and
2023, offering both a broad temporal overview and insights into spatial variations in the
research focus.

This research paper is structured as follows. Section 2 introduces the bibliometric anal-
ysis, research gaps, and research topics, as well as a brief overview of urban transportation.
Section 3 introduces the research strategy in terms of materials and methods. Section 4
summarizes and evaluates the research findings, and identifies relevant research issues
and trends in the field of urban transport. Section 5 contains the discussion, while Section 6
outlines recommendations for future research.

2. A Brief Overview of Urban Transportation

Urban transportation and urban mobility are critical areas of study that address the
complex interactions between infrastructure, societal needs, and technological advance-
ments within urban settings. The evolving dynamics of urban transportation systems
and mobility patterns are influenced by various factors including population growth,
environmental concerns, and technological innovation.

Urban transportation systems encompass a range of modes including public transit
(buses, trams, and subways), private vehicles, bicycles, and pedestrian pathways. The effi-
ciency and sustainability of these systems are paramount in addressing urban congestion,
pollution, and accessibility issues.

Newman and Kenworthy [8] highlighted the importance of integrating land use and
transportation planning to promote sustainable urban development. They contend that
compact city layouts, when backed by effective public transportation, may drastically
reduce the use of private automobiles, which will reduce greenhouse gas emissions and
ease traffic.

Public transit systems are also essential for ensuring equitable access to urban ameni-
ties. Litman [9] emphasized the role of public transportation in enhancing social equity by
providing affordable mobility options for all socioeconomic groups. Furthermore, compre-
hensive public transit networks can mitigate the adverse environmental impacts associated
with urban transportation by reducing the overall number of vehicle miles traveled (VMT).
The effectiveness of public transit is often measured based on its coverage, frequency, and
reliability. Cervero [10] explored the concept of transit-oriented development (TOD), where
residential and commercial areas are designed to maximize access to public transportation,
thereby encouraging higher transit ridership and reducing dependence on private cars.
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In addition, the advent of technological innovation has significantly transformed urban
mobility. The rise of smart mobility solutions, such as electric vehicles (EVs), autonomous
vehicles (AVs), and shared mobility services (ride hailing and bike sharing), presents
both opportunities and challenges for urban transportation systems. Gonzalez et al. [11]
highlight the potential of EVs to reduce urban air pollution and dependence on fossil
fuels. However, they also highlight the need for an adequate charging infrastructure and
the integration of renewable energy sources to maximize the environmental benefits of
EVs. However, the transition to autonomous vehicles (AVs) is not without challenges,
particularly during the mixed-use phase, when both AVs and conventional vehicles coexist
on roads. This transitional state can limit the realization of AV-related benefits, such as
reduced congestion and enhanced safety, owing to the potential conflicts between human-
driven and autonomous vehicles. Effective policies, infrastructure adaptations, and public
awareness initiatives are necessary to mitigate these challenges and facilitate the integration
of AVs into existing transportation systems.

Xie, Gou, and Gui [12] underscore the positive impact of EV adoption on urban air
quality improvement, particularly in regions like Wuhan, where electrification policies
have been implemented. Similarly, Tao [13] highlighted the dynamic relationship between
EV uptake and green development, arguing that local government competition plays a
crucial role in accelerating EV adoption while ensuring its alignment with sustainable
urban policies. Autonomous vehicles are expected to revolutionize urban mobility by
enhancing safety, reducing traffic congestion, and improving the efficiency of transporta-
tion networks. However, their widespread adoption requires substantial advancements in
technology, regulatory frameworks, and public acceptance [14]. In their systematic review,
Olayode et al. [15] examined the applications, impacts, and public perceptions of AVs,
noting that, while AVs hold significant promise, their deployment must address challenges
related to infrastructure, ethical considerations, and societal readiness. Shared mobil-
ity services have gained popularity because of their convenience and cost-effectiveness.
Shaheen et al. [16] examine the impacts of ride-hailing and car-sharing services on urban
transportation, noting that, while these services can complement public transit and reduce
the need for private car ownership, they can also contribute to increased VMT and traffic
congestion if not properly managed. Furthermore, the environmental and social impacts of
urban transportation systems are significant considerations in planning and policymaking.
Banister [17] emphasizes the need for a paradigm shift towards sustainable mobility, which
prioritizes walking, cycling, and public transit over private car use. This shift could lead
to reduced emissions, improved public health, and enhanced urban livability. Equitable
access to transportation is crucial for fostering inclusive urban environments. Grengs [18]
explores the concept of “transport justice”, advocating for transportation policies that
address the needs of marginalized communities and ensure the fair distribution of mobility
resources.

Moreover, the future of urban transportation and mobility lies in the integration of
innovative technologies, sustainable practices, and inclusive policies. The overall effective-
ness and user experience of urban mobility systems can be improved by the creation of mul-
timodal transportation networks that seamlessly link different forms of transportation [19].

Recent studies have introduced graph neural networks (GNNs) as a promising ap-
proach to urban transportation modeling. Li et al. [20] proposed an end-to-end heteroge-
neous graph neural network for traffic assignment, which enables the better prediction and
allocation of traffic flow in complex urban networks. Similarly, Zhang et al. [21] utilized
GNNs for nationwide human mobility prediction and demonstrated the efficacy of these
methods in capturing human movement patterns and predicting future mobility trends.
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These advancements reflect the increasing use of deep learning techniques to address the
challenges of urban mobility and enhance the accuracy and efficiency of transportation
systems [20,21]. These research papers represent state-of-the-art (SOTA) methodologies in
urban transportation studies, highlighting cutting-edge approaches for managing complex
traffic and mobility data with high precision.

Recent advances in neural network applications have further transformed urban
mobility research by enabling more accurate traffic prediction, route optimization, and
real-time decision making. In particular, deep learning approaches such as graph neural net-
works have proven effective in capturing the complex spatial and temporal dependencies
within urban transportation networks. For instance, Liu and Meidani [22] demonstrated
that end-to-end heterogeneous graph neural networks can significantly enhance traffic
assignment accuracy by modeling intricate urban network dynamics, thereby offering
promising improvements in efficiency and sustainability. This integration of neural net-
work methodologies into urban mobility planning represents a pivotal step toward smarter
transportation systems that can dynamically respond to real-world challenges.

In summary, urban transportation and mobility are dynamic fields influenced by tech-
nological advancements, environmental considerations, and social equity issues. Effective
planning and policymaking, supported by continuous research and innovation, are essen-
tial for the development of sustainable and inclusive urban transportation systems. Thus,
conducting a thorough bibliometric analysis of urban transportation and mobility is pivotal
for understanding the underlying mechanisms and trends that shape these concepts.

2.1. Bibliometric Analysis

Bibliometric analysis is a valuable method for monitoring research trends and tracking
discoveries across various fields. For instance, Demir et al. [5] utilized the Scopus search
engine to review studies on sensitivity analysis in multi-criteria decision making (MCDM).
They analyzed 1374 articles using VOSviewer (version 1.6.18), Biblioshiny (version 4.1.3),
and Citespace (version 6.3.R1 Basic). Twinomurinzi and Mageto [23] conducted a biblio-
metric review of smart mobility research by examining 3223 documents from the Web of
Science Core Collection with the help of VOSviewer and CiteSpace. They emphasized
the integration of advanced technologies, such as IoT and AI, in transportation systems.
Additionally, Ceccato et al. [24] analyzed 245 articles on passenger safety in public trans-
portation systems using VOSviewer, providing insights into safety concerns in railway
transportation. Moreover, Mirabi and Noorid [25] recently carried out a bibliometric study
to examine current research trends and patterns in the spheres of urban mobility and
transportation planning. Utilizing the Scopus database, they accumulated a dataset com-
prising 1255 publications spanning from 1995 to 2021. VOSviewer and the Bibliometrix
R-package were employed to conduct an analysis, visualizing and charting co-authorship
networks, citation trends, and keyword co-occurrences. Their research underscores the
substantial increase in publications and identifies the key authors, institutions, and col-
laborative networks operating in these areas. While Mirabi and Noorid [25] provided
valuable insights into urban mobility and transportation planning, their analysis primarily
spans from 1995 to 2021. By contrast, this study focuses on the more recent period of 2018–
2023, capturing emerging trends and innovations in the field, particularly in the context of
sustainable mobility and smart transportation solutions. Additionally, this study delves
deeper into thematic clusters and research gaps, providing a more targeted perspective on
advancements that shape contemporary urban mobility research. Finally, Zhiyou Long [26]
performed a comprehensive bibliometric analysis on how urban-built environments impact
travel behavior using 1745 publications from the Web of Science database, identifying key
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research clusters and trends, and highlighting the significant contributions from institutions
in the USA and China. The author used network analysis and content analysis tools, such
as VOSviewer.

These studies showcase the diverse applications of bibliometric analysis for under-
standing and advancing urban mobility and transportation planning. Each study utilized
comprehensive datasets and sophisticated software to reveal trends, identify research gaps,
and suggest future research directions.

2.2. Research Gaps and Research Questions

A comprehensive review of existing academic papers in the field of urban transporta-
tion revealed critical research needs.

• There is a need for a generally accepted model that facilitates the evaluation of urban
transportation studies.

In this study, quantitative tools, such as Bibliometrix, Biblioshiny, R software with
a web-based interface, and VOSviewer, were used to design a bibliometric analysis for
articles related to urban transportation in the field of social sciences, engineering, and
environmental sciences in the Scopus database. This study established a conceptual frame-
work for urban transportation publications and identified the most influential articles and
prolific contributors to the field. These results provide valuable insights for transporta-
tion researchers, helping them understand current and future research trends. The main
objective of this research was to find answers to the following questions.

• What is the trajectory of the growth and citation trend status of articles on
urban transportation?

• Who are the most cited major authors in the field?
• What are the most cited publications, journals, organizations, and countries?
• What are the priority research points and key topics in related applications in the field

of urban transportation?

This study can help urban transportation researchers understand current and future
research trends and, thus, design more innovative and creative research by revealing the
conceptual richness of urban transportation studies.

3. Materials and Methods

In the first step, the Scopus database was chosen for the research. In the second
step, the keywords used were urban transportation, document type: article, publication
language: English, publication type: journal, and publication year: 2018–2023. Reviews,
conference proceedings, book chapters, articles or reviews, and commentaries published
on preprint websites, editorials, and letters were excluded. Step three involved conduct-
ing performance and mapping analyses. In the fourth step, Biblioshiny and VOSviewer
were utilized.

Evaluation Metrics

We employed several standard evaluation metrics commonly used in bibliometric
studies to ensure the robustness and validity of the bibliometric analysis. These include
the following.

Annual Growth Rate (AGR): We calculated the AGR of publications from 2018 to 2023 to
assess the overall growth in research output in the field of urban transportation. AGR was
computed as the percentage change in the number of publications each year compared to
the previous year, providing insights into the trends and dynamics of the field.
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Citation Analysis: We assessed the impact of individual articles, journals, and authors
by analyzing citation counts. This metric helped helps evaluate the influence and relevance
of the research within the field. We also identified the most cited articles to highlight their
key contributions to the literature.

Co-authorship and Collaboration Patterns: The level of international collaboration was
evaluated by tracking co-authorship across different countries and institutions. This
metric revealed the extent of interdisciplinary and international cooperation in urban
transportation research.

Keyword Co-occurrence and Clustering: We used VOSviewer to analyze the co-occurrence
of keywords, allowing us to identify research clusters and emerging themes. This approach
aids in visualizing the evolving focus areas within urban transportation research, such as
sustainable mobility, smart cities, and transportation efficiency.

On the other hand, considering the strengths of different approaches, bibliometric
analysis tools, such as Biblioshiny, VOSviewer, and keyword analysis, were employed.

Biblioshiny: This platform was utilized to collect and analyze a large dataset of urban
transportation publications. It provides a user-friendly interface for data visualization and
in-depth bibliometric analysis, including citation analysis, author and journal impacts, and
publication trends.

VOSviewer: This tool enabled the creation of network maps of co-occurring keywords,
which allowed us to identify thematic clusters in urban transportation research. It also
enabled us to track the evolution of these themes over time, highlighting the emerging focus
on public health, walkability, and simulation-based approaches, such as SUMO and ns-3.

Keyword Analysis: Using VOSviewer, we conducted a keyword co-occurrence analysis
to explore the relationships between terms. We categorized the keywords into two primary
clusters: sustainable urban mobility (e.g., urban mobility, smart cities) and motor trans-
portation efficiency (e.g., travel time, vehicles, and intelligent systems). This clustering
approach revealed the dual focus of current urban transportation research: promoting
sustainability and optimizing transportation efficiency.

By providing further details on these evaluation metrics and methodological ap-
proaches, we hope to strengthen the overall analysis in this study.

4. Results of Bibliometric Analysis of Publications on
Urban Transportation

4.1. Performance Analysis

A comprehensive descriptive analysis of publications was conducted, as well as an
assessment of the annual publication growth rate and an estimate of the average number of
citations per publication. A graph, commonly referred to as a Sankey diagram, was used to
compare three separate areas, such as determining which journal has the most publications
and citations and which organization and document have the most publications and
citations. In addition to data performance analysis, this study also identified and evaluated
authors and countries with the highest output in terms of publications and citations.

4.1.1. General Overview of the Database

A descriptive analysis of studies in the field of urban transportation was conducted
using Biblioshiny. Figure 1 shows the main information in the data file.

Between 2018 and 2023, 2000 articles on urban transportation from 617 sources (jour-
nals) in the Scopus database were evaluated. Publications increased by 31.32% annually; the
average age of publications was 2.92 years, and each received an average of 12.19 citations.
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Among the 5609 authors, 204 published single-author papers. The proportion of interna-
tional co-authorships in the documents was 30.15%.

Figure 1. Main information.

4.1.2. Annual Increase in Publications

Figure 2 illustrates shows the evolution of documents over time in the bibliometric
analysis of research in the field of urban transportation.

Figure 2. Distribution of urban transportation studies used in the research by year.

According to Figure 2, there has been growing interest in urban transportation analysis
by scientists worldwide. Although the number of publications fluctuated over time, it
showed an overall upward trend. There were 453 publications in 2023, 420 in 2022, 432 in
2021, 337 in 2020, 242 in 2019, and 116 in 2018. Notably, 2023 recorded the highest increase
in research on urban transportation.

4.1.3. Average Annual Citations

Figure 3 shows the status of the annual citations in the bibliometric analysis, focusing
on urban transportation research. In Figure 3, the column called “MeanTCperArt” refers
to “Mean Total Citations per Article”, which represents the average number of citations
received by each article in the dataset over the entire study period. Essentially, this is the
total number of citations divided by the total number of articles. Furthermore, the column
called “MeanTCperYear” in Figure 3 refers to the “Mean Total Citations per Year”. This
metric calculates the average number of citations per article per year, normalized for the
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varying lengths of time articles have been available to accumulate citations, providing a
more time-sensitive perspective on citation impact.

Figure 3. Annual average citation trends of studies in the field of urban transportation.

4.1.4. Sankey Diagram

The three parameters to be associated (country, author, and keyword) are specified
by the software Rstudio-Bibliometrix-Biblioshiny (version 4.1.3) in this “Three Field Plot”
layout; Figure 4 highlights the most important ones for each parameter.

Figure 4. Three field drawings (country, author, and keywords).

The box sizes in Figure 4 show the strength of the relationship between the components.
The size of the boxes in this graph corresponds to the influential aspects of the literature.
The leading country is “China”, the leading author is “Liu Y.”, and the leading keyword is
“urban mobility”.

Specifically, the large box representing China indicates not only its dominant publica-
tion volume, but also its central role in international collaborations within urban transporta-
tion research. Similarly, the prominence of Liu Y. highlights his influential contributions,
which have shaped many of the emerging trends in the field. The substantial size of the
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’urban mobility’ keyword box underscores a growing research focus on sustainable and
integrated transportation systems, reflecting shifts in policy and technological innovation.
These visual insights help to pinpoint key drivers of the literature and suggest potential
directions for future research in urban mobility.

4.1.5. Most Cited and Most Published Journals

Table 1 presents the ranking of urban transportation publication sources based on the
number of publications.

Table 1. Publication status of journals on urban transportation.

Sources Articles

SUSTAINABILITY (SWITZERLAND) 200

IEEE TRANSACTIONS ON INTELLIGENT
TRANSPORTATION SYSTEMS

48

JOURNAL OF TRANSPORT GEOGRAPHY 45

CASE STUDIES ON TRANSPORT POLICY 42

TRANSPORT POLICY 38

IEEE ACCESS 37

SUSTAINABLE CITIES AND SOCIETY 37

TRANSPORTATION RESEARCH PART D: TRANSPORT
AND ENVIRONMENT

37

TRANSPORTATION RESEARCH PART A: POLICY AND
PRACTICE

36

CITIES 35

According to Table 1, “Sustainability (Switzerland)” ranks first with 200 articles,
followed by “IEEE Transactions on Intelligent Transportation Systems” with 48 articles and
“Journal of Transport Geography” with 45 articles.

Table 2 highlights the ranking of urban transportation publication sources based on
citations to publications.

Table 2. Citation status of journals on urban transportation.

Sources Articles

SUSTAINABILITY (SWITZERLAND) 1347

JOURNAL OF TRANSPORT GEOGRAPHY 865

TRANSPORT POLICY 844

TRANSPORTATION 747

JOURNAL OF TRANSPORT GEOGRAPHY 721

TRANSPORT POLICY 666

TRANSPORTATION RESEARCH PART A: POLICY AND
PRACTICE

638

IEEE TRANSACTIONS ON INTELLIGENT
TRANSPORTATION SYSTEMS

606

TRANSP RES REC 602

CITIES 579
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According to Table 2, “Sustainability (Swıtzerland)” ranks first with 1347 citations.
“Journal of Transport Geography” follows with 865 citations, and “Transport Policy” ranks
third with 844 citations.

4.1.6. Most Important Connections

Table 3 shows the studies published in the field of urban transportation by the institu-
tions or affiliated organizations of the authors participating in the study.

Table 3. Relevant organizations contributing to research in the field of urban transport.

Affiliation Articles

SOUTHEAST UNIVERSITY 85

ARISTOTLE UNIVERSITY OF THESSALONIKI 62

MASSACHUSETTS INSTITUTE OF TECHNOLOGY 60

UNIVERSITY OF SÃO PAULO 47

UNIVERSITY COLLEGE LONDON 46

UNIVERSIDAD POLITÉCNICA DE MADRID 45

TSINGHUA UNIVERSITY 39

DELFT UNIVERSITY OF TECHNOLOGY 35

UNIVERSITY OF LEEDS 35

TONGJI UNIVERSITY 33

“Southeast University” ranked first with 85 publications between 2018 and 2023,
while “Aristotle University of Thessaloniki” ranked second with 62 publications and
“Massachusetts Institute of Technology” ranked third with 60 publications.

4.1.7. Frequently Cited Authors by Number of Publications

A total of 2000 research papers on urban transportation were published by 5609 authors
in different publications. Figure 5 highlights the most influential authors in terms of their
publications worldwide.

Several authors have made significant contributions to urban mobility and transporta-
tion research. Yaqi Liu, associated with ORCID ID 0000-0002-2296-165X, has authored
16 articles, focusing on areas such as vehicle group dynamics in urban road networks.
Sotirios Basbas, affiliated with the Aristotle University of Thessaloniki, Greece, has pub-
lished 14 articles, with research interests including the effects of the COVID-19 pandemic
on bike-sharing systems. Yongxin Liu, holding ORCID ID 0000-0003-4527-8623, serves
as an Assistant Professor of Mathematics at Embry–Riddle Aeronautical University in
Daytona Beach, Florida, and has contributed 14 articles related to urban mobility. Jian
Wang, with 13 publications, has explored topics such as reverse reconstruction methods
of vehicle group situations in urban road networks. Extensive research by these authors
has significantly advanced our understanding of urban transportation systems. Therefore,
Liu Y ranks top with 16 articles, Basbas S and Wang Y rank second with 14 articles, and
Wang J ranks third with 13 articles. The prominence of authors like Liu Y, who leads with
16 publications, reflects the concentrated research efforts in regions or institutions with
strong academic contributions. By highlighting these leading authors, bibliometric analysis
emphasizes key figures that drive the conversation in sustainable urban mobility. This
information is not only valuable for researchers seeking to identify potential collaborators,
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but also for those looking to stay at the forefront of emerging trends and groundbreaking
studies in the field.

 

Figure 5. Publication numbers of the most prolific authors.

4.1.8. Most Productive Countries

The countries with the highest numbers of publications are given in Figure 6.

 

Figure 6. Countries by their number of publications.

On the map (Figure 6), dark blue represents China, blue represents countries like
India, Serbia, Iran, Turkey, the USA, and the UK, and gray represents countries with no
publications. As shown in Figure 6, China has the highest number of publications (803).
China was followed by Brazil (701), the USA (559), and Italy (512).

The most cited countries are listed in Table 4.
As shown in Table 4, the USA has the highest number of citations (2697), followed by

China (2285), Spain (1886), and Italy (1829).
Figure 7 shows the global cooperation map.
Countries with strong connections are more likely to collaborate. In the field of urban

transportation, China cooperates with the USA, the United Kingdom, Hong Kong, Singa-
pore, and Australia. The USA collaborates with the United Kingdom, Italy, and Singapore,
while Brazil cooperates with the USA, and Germany collaborates with the Netherlands. It
can be inferred that China is the country with the most international collaborations.
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Table 4. Countries by number of citations.

Country Total Citations Average Article Citations

USA 2697 23.70

China 2285 12.40

Spain 1886 17.50

Italy 1829 16.80

United Kingdom 1094 15.00

Germany 1044 11.50

Netherlands 908 20.60

Brazil 892 7.80

Portugal 779 17.70

Greece 741 17.20

 

Figure 7. Country cooperation map.

4.1.9. Most Cited Document

The most productive paper is the most cited paper. Table 5 lists the 10 most
productive articles.

Table 5. The most effective articles.

Paper DOI
Total Citations

(TC)
TC per

Year
Normalized

TC

Aloi, A., 2020, Sustainability 10.3390/su12093870 329 65.80 15.07
Liang, X., 2019, IEEE Trans Veh Technol 10.1109/TVT.2018.2890726 305 50.83 13.93

Jenelius, E., 2020, Transp Res Interdiscip Perspect 10.1016/j.trip.2020.100242 280 56.00 12.83
Teixeira, J.F., 2020, Transp Res Interdiscip Perspect 10.1016/j.trip.2020.100166 278 55.60 12.73

Dembski, F., 2020, Sustainability 10.3390/su12062307 201 40.20 9.21
Faisal, A., 2019, J Transp Land Use 10.5198/jtlu.2019.1405 190 31.67 8.68

Lyons, G., 2018, Transp Res Part A Policy Pract 10.1016/j.tra.2016.12.001 171 24.43 5.76
Campisi, T., 2020, Sustainability 10.3390/su12218829 168 33.60 7.70

Ma, Y., 2018, J Clean Prod 10.1016/j.jclepro.2018.06.213 162 23.14 5.45
Mouratidis, K., 2021, Sustainable Cities Soc 10.1016/j.scs.2021.103182 143 35.75 11.55
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The most cited article is “Effects of the COVID-19 Lockdown on Urban Mobility:
Empirical Evidence from the City of Santander (Spain)” by Aloi et al. (2020), published
in Sustainability with 329 citations. This article is followed by “A Deep Reinforcement
Learning Network for Traffic Light Cycle Control”, published in IEEE Transactions on
Vehicular Technology by Liang et al. (2019) with 305 citations. The third most cited article
is “Process Safety and Environmental Impacts of COVID-19 on Public Transport Ridership
in Sweden: Analysis of Ticket Validations, Sales, and Passenger Counts” by Jenelius
and Cebecauer (2020), published in the journal Transportation Research Interdisciplinary
Perspectives with 280 citations. In this way, Teixeira and Lopes (2020) ranks 4th with
278 citations, Dembski et al. (2020) 5th with 201 citations, Faisal et al. (2019) 6th with
190 citations, Lyons (2018) 7th with 171 citations, Campisi et al. (2020) 8th with 168 citations,
Ma et al. (2018) 9th with 162 citations and Mouratidis and Papagiannakis (2021) 10th with
143 citations.

4.2. Analysis of Science Mapping

Scientific mapping employs computer tools to visualize, analyze, and simulate various
scientific and technological processes.

4.2.1. Conceptual Structure Map

This section shows the conceptual structure map, the network map based on the
author’s keywords, and the theme map. The conceptual structure map is shown in Figure 8.

 

Figure 8. Conceptual structure map.
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The red and blue clusters in Figure 8 illustrate the results of a conceptual structural
analysis based on a factor analysis of keywords in urban transportation research. Each
cluster corresponded to a distinct thematic grouping of related concepts and ideas, as
identified by their significant high factor loads along two primary dimensions. The red
cluster focuses on keywords associated with sustainability and innovative urban mobility
solutions, such as “urban mobility”, “smart city”, and “bicycles”, emphasizing themes
like eco-friendly transportation, technological integration, and active travel modes. In
contrast, the blue cluster group keywords focused on the efficiency and functionality of
motorized transportation systems, including “travel time”, “vehicles”, and “intelligent
systems”. These clusters reflect the dual focus of urban transportation research on advanc-
ing sustainability (red cluster) and optimizing motorized transportation efficiency (blue
cluster). This approach offers a holistic understanding of the field’s conceptual structure.
Lastly, the green cluster represents a weaker thematic grouping involving vague terms,
such as “article” and “human”.

When the keywords of publications in the field of urban transportation were analyzed
using factor analysis, certain ideas emerged within the red cluster with high factor loads
in the first dimension. Keywords such as “urban mobility”, “smart city”, “urban area”,
“bicycles”, and “travel behavior” are collected here. Keywords such as “intuitive motor
transportation”, “travel time”, “vehicles”, and “intelligent systems” are gathered in the
blue cluster.

In this sense, let us delve into the significance of each keyword, especially within the
context of urban planning and development.

To begin with, in the context of the red cluster, it is essential to mention that “urban
mobility” refers to the efficient and effective movement of people and goods within urban
areas. It is crucial for the functioning of cities, affecting economic productivity, quality
of life, and environmental sustainability. Efficient urban mobility systems reduce con-
gestion, lower emissions, and improve accessibility to various urban services [27]. On
the other hand, a “smart city” utilizes digital technologies and data to improve urban
services and infrastructure. This includes various applications, from traffic management to
energy distribution, aimed at enhancing the quality of life for residents while promoting
sustainability [28]. Smart cities integrate various ICT (Information and Communication
Technology) tools to optimize urban mobility, making transportation systems more efficient
and responsive to real-time conditions. Additionally, an “urban area” is a region character-
ized by high population density and vast human-built features compared to surrounding
areas. Understanding the dynamics of urban areas is essential for planning and implement-
ing effective mobility solutions. Urban areas are the primary focus for developing smart
city initiatives and enhancing urban mobility [29]. Furthermore, “bicycles” represent a
sustainable and efficient mode of urban transport. Promoting bicycle use in urban areas can
reduce traffic congestion, lower greenhouse gas emissions, and improve public health. Bicy-
cle infrastructure is often a key component of smart city strategies to promote eco-friendly
and active modes of transport [30]. In addition, “travel behavior” refers to the study of how
individuals make decisions about their travel, including modes of transport, travel times,
and routes. Understanding travel behavior is critical for designing effective urban mobility
systems and policies. Analyzing travel behavior helps in forecasting demand, planning
infrastructure, and implementing policies that encourage sustainable travel choices [17].

Secondly, in the context of the blue cluster, it is crucial to indicate that “motor trans-
portation” encompasses the use of motor vehicles such as cars, trucks, buses, and mo-
torcycles for the movement of people and goods. It is the backbone of modern urban
mobility, essential for economic activities and daily commuting. However, it also con-
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tributes significantly to urban challenges like congestion, air pollution, and greenhouse
gas emissions [31]. Moreover, “travel time” refers to the duration spent moving from
one location to another. It is a critical factor in transportation planning and policymaking
because it affects productivity, quality of life, and economic efficiency. Reducing travel time
through efficient transportation systems can significantly enhance urban living and eco-
nomic performance [32]. Also, “vehicles” are the primary means of motor transportation,
playing a crucial role in urban mobility by facilitating the movement of people and goods.
However, high reliance on personal vehicles can lead to traffic congestion, pollution, and
increased demand for parking spaces [9]. Moreover, “intelligent systems” in transporta-
tion refer to the application of advanced technologies and data analytics to improve the
efficiency, safety, and sustainability of transportation networks. This includes Intelligent
Transportation Systems (ITSs), which utilize real-time data, automated control systems,
and communication technologies to enhance traffic management, reduce congestion, and
optimize travel times [33].

4.2.2. Thematic Map

The clusters in the motor theme section of the diagram represent the clusters belonging
to the most basic fields of study of the keyword under study. The clusters in the core theme
section of the diagram indicate clusters where the keyword of interest is fundamental and
in a state of transformation, i.e., continuing to evolve. The emerging or declining theme
section of the diagram illustrates newly emerging or declining keywords, while the niche
theme represents keywords that are the focus of significant work but remain isolated from
other studies. Therefore, to understand which scientific studies belong to which themes
and which ones are at the forefront of the keyword under consideration, it is necessary to
consider the basic theme and motor theme sections of the diagram.

A thematic review of urban transportation articles was conducted using bibliometrics
and author’s keywords to identify the main review topics of the field. Figure 9 shows that
studies in the field of urban transportation are grouped under four themes, albeit with
different intensities

Figure 9. Thematic map based on keywords.
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The four categories in Figure 9—“Niche Themes”, “Motor Themes”, “Emerging or
Declining Themes”, and “Basic Themes”—represent distinct thematic classifications of
research topics in urban transportation based on their centrality and density. “Niche
Themes” are highly specialized topics with limited connections to the broader field, often
representing advanced focused research areas that contribute to specific aspects of urban
transportation. “Motor Themes” are well-developed and influential topics that are both
highly central and dense, forming the core of the field’s research and driving significant
scientific progress. “Emerging or Declining Themes” are topics with low centrality and
density, indicating areas that may be in the early stages of development or experiencing
a decline in scholarly interest. Lastly, “Basic Themes” are foundational topics with high
centrality but lower density, serving as the bedrock of the field and encompassing broad
general concepts that support various subfields. This categorization provides valuable
insights into the current state and evolution of urban transportation research.

Considering the author’s keywords, keywords such as “urban transport”, “mobility,
public transport”, “urban mobility”, and “traffic congestion” come to the fore in scientific
studies. Let us explore the importance of each of these keywords within the context of
urban transportation and mobility. From this point of view, “urban transport” encompasses
all modes of transportation used within urban areas, including public transit, private
vehicles, cycling, walking, and emerging modes like shared mobility services. It is essential
for facilitating the movement of people and goods within cities, supporting economic
activities, and ensuring access to services and opportunities. Effective urban transportation
systems are critical for reducing traffic congestion, minimizing environmental impact,
and enhancing the quality of urban life [31]. Additionally, “mobility” refers to the ability
of individuals and goods to move seamlessly and efficiently from one place to another.
In urban contexts, mobility is a critical factor influencing economic productivity, social
inclusion, and overall quality of life. Enhancing mobility entails optimizing transport
infrastructure, services, and policies to ensure people can access jobs, education, healthcare,
and other essential services with ease and minimal delay [17]. Moreover, “public transport”
includes systems such as buses, trams, trains, and subways that provide shared trans-
portation services to the public. It is a crucial component of urban transportation systems,
offering an efficient and sustainable alternative to private car use. Public transportation can
help reduce traffic congestion, lower emissions, and provide affordable mobility options
for all urban residents, including those who cannot afford or choose not to use private
vehicles [10]. Moreover, “urban mobility” is the broader concept encompassing all forms
of movement within urban areas, including public transport, private vehicles, cycling,
and walking. It involves the interplay of various modes of transport and infrastructure
to ensure efficient, sustainable, and inclusive movement of people and goods. Enhancing
urban mobility requires integrated planning and policies that address the diverse needs of
urban populations and promote sustainable transport options [34]. Furthermore, “traffic
congestion” occurs when there is an excess demand for road space, leading to slower speeds,
longer trip times, and increased vehicular queuing. It is a significant challenge in urban
areas, contributing to air pollution, economic losses, and reduced quality of life. The effective
management of traffic congestion involves strategies such as improving public transport,
implementing traffic management systems, and encouraging alternative modes of transport
like cycling and walking [35].

4.2.3. Trending Topics

The trending topics in the literature in the field of urban transportation from 2018 to
2023 are given in Table 6.
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According to Table 6, “Urban transport” was the top trending topic in the first quarter
of 2020, the second quarter of 2021, and the third quarter of 2022. “Mobility” was also a
hot topic in the same periods. Currently, “COVID-19, vehicles, autonomous vehicles, and
reinforcement learning” are the top trending topics in this area.

Table 6. Trending topics in the literature of urban transportation by year (2018–2023).

Item Freq Year_q1 Year_Med Year_q3

urban transport 401 2020 2021 2022

mobility 306 2020 2021 2022

urban mobility 295 2020 2021 2022

COVID-19 106 2021 2022 2023

vehicles 102 2020 2022 2023

autonomous vehicles 54 2021 2022 2023

surveys 38 2020 2020 2022

urban policy 37 2019 2020 2022

taxicabs 33 2019 2020 2022

reinforcement learning 33 2022 2023 2023

4.2.4. Keyword Co-Occurrence Analysis

Keywords, serving as descriptive terms or phrases for an article, significantly influence
the prominence of its statements. To visualize the interconnectedness of research findings, we
employed VOSviewer to analyze the co-occurrence of keywords within the study and its broader
knowledge base. This analysis yielded a comprehensive list of 5796 keywords extracted from the
indexed terms associated with the article. As shown in Figure 10, 235 keywords were considered
for review after increasing the threshold setting in the VOSviewer application to three.

Figure 10. Keywords for co-occurrence.
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A different set of keywords is created with each color. In Figure 10, each circle rep-
resents the presence of a specific term and sub-domain of urban transportation in the
transportation domain. A circle with a similar color represents the distribution in a com-
parison region. The largest cluster, by the number of elements, is called “urban mobility”.
This cluster contains keywords such as the AHP, simulation, and a GIS. The second-largest
cluster is named “smart cities”. It contains keywords such as traffic congestion, VANET,
and SUMO. The third-largest cluster is called “mobility” and includes keywords such as
informality, transitions, governance, and city.

Leveraging AHP, Simulation, and GIS for Enhanced Urban Mobility Planning

Here is an explanation of the importance of the AHP, simulation, and a GIS in the
context of urban mobility according to the largest cluster. Within this scope, firstly, the
Analytic Hierarchy Process (AHP) is a decision-making framework that helps prioritize and
evaluate various aspects of urban mobility. It involves breaking down complex decisions
into a hierarchy of simpler problems and comparing them pairwise to derive priority scales.
The AHP helps in making informed decisions about urban mobility infrastructure by
weighing factors such as cost, environmental impact, and social benefits [36]. For example,
it can prioritize where to invest in new public transit routes versus road expansions.
Policymakers use the AHP to evaluate and compare different transportation policies’
potential impacts, helping ensure that the chosen policies align with broader urban planning
goals [37]. The process involves various stakeholders, ensuring that multiple perspectives
are considered, leading to more balanced and accepted decisions [38].

Secondly, simulation techniques enable the creation of virtual urban mobility sys-
tems, providing a platform to assess and forecast the consequences of various scenarios.
By employing simulation models, researchers can gain valuable insights into traffic flow
dynamics, identify potential congestion hotspots, and evaluate the impact of proposed
interventions, such as adjustments to traffic signal timings or modifications to road net-
works [39]. For example, cities can simulate the impact of a new traffic signal system before
implementation. They are critical for planning emergency evacuations by modeling various
disaster scenarios and optimizing evacuation routes [40]. Simulations can optimize public
transportation schedules, routes, and capacities, ensuring efficient service and reducing
wait times [41].

Thirdly, Geographic Information Systems (GISs) play a pivotal role in collecting,
managing, and analyzing spatial data pertinent to urban mobility. A GIS is essential for
optimizing route planning across different transportation modes by incorporating real-time
traffic data and geographic insights. [42]. For instance, it helps in designing bus routes
that minimize travel time and maximize coverage. A GIS aids in the maintenance and
management of urban infrastructure by providing precise geographical data on roads,
bridges, and public transit networks [43]. A GIS enables the evaluation of environmental
impacts by analyzing spatial data on air quality, noise pollution, and green spaces. This
capability is vital for promoting sustainable urban mobility planning [44].

Temporal Dynamics and Emerging Trends in Urban Mobility Keywords

In addition to these studies, the keywords “overlay visualization” were colored differ-
ently based on the year of publication using the VOSviewer program, which also allowed
for the determination of the time intervals in which they appeared in the literature [45].
In our illustration, 2020 is the typical (yellow) year when newly added terminology was
published. The amount of time that had passed since the items’ publication determined
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their colors. Figure 11 displays the blue–green–yellow color range, covering the period
from May 2020 to early 2022.

Figure 11. Overlay network of keywords.

While previously used keywords such as “passenger transport”, “walking”, and “big
data” were the keywords intensively studied in the period from May 2020 to early 2021,
it can be said that keywords such as “public health”, “walkability”, “SUMO”, and “ns-3”
have just started to be used in the literature.

In this context, it is essential to briefly explain the popularity of the keywords “pas-
senger transport”, “walking”, and “big data” in urban mobility. To begin with, passenger
transportation systems—including public transit, taxis, and ride-sharing services—are
essential for moving large numbers of people efficiently within urban areas. With grow-
ing urban populations, the need for effective passenger transport solutions has increased
significantly [41]. Public transportation reduces traffic congestion and lowers carbon emis-
sions, contributing to environmental sustainability [9]. Secondly, walking is a fundamental
mode of transportation that offers significant health and environmental benefits. Walking
improves physical health and reduces the risk of various diseases [46]. It is also the most
eco-friendly mode of transport, helping reduce reliance on motor vehicles and lowering
pollution levels [47]. Thirdly, big data involves the analysis of vast datasets to improve
urban mobility systems. Big data analytics provides insights into traffic patterns and com-
muter behavior, aiding in better decision making [48]. It allows for the real-time monitoring
and management of transportation networks, enhancing operational efficiency [49]. In
summary, “passenger transport”, “walking”, and “big data” are popular in urban mobility
due to their contributions to efficiency, sustainability, health, and informed decision making,
which are crucial for developing modern and resilient urban transportation systems.
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New Dimensions in Urban Mobility: Integrating Health, Walkability, and
Advanced Simulations

In addition to the definition of the important terms mentioned earlier, here is a short
explanation of the newly emerging concepts in the literature known as “public health”,
“walkability”, “SUMO”, and “ns-3”, particularly within the context of urban mobility. To
begin with, public health refers to the science and practice of protecting and improving
the health of communities through education, policymaking, and research for disease and
injury prevention. Effective urban mobility strategies can significantly enhance public
health by reducing pollution, promoting physical activity, and decreasing traffic-related
injuries [50]. Secondly, walkability refers to how friendly an area is to walking, which
depends on factors like the presence of sidewalks, safety, and the proximity of amenities.
High walkability is associated with better health outcomes, reduced traffic congestion,
and increased social interaction [51]. Thirdly, SUMO (Simulation of Urban Mobility) is an
open-source, highly portable, microscopic, and continuous road traffic simulation package
designed to handle large road networks. It is used to simulate and analyze traffic patterns,
optimize traffic light settings, and test new mobility concepts [52]. SUMO is widely
recognized in urban transportation research for enabling the evaluation of transportation
system performance under varying conditions, such as changes in infrastructure, traffic
demand, or policy interventions. In the context of urban transportation research, SUMO is
used in the following ways.

Optimize traffic flow: By simulating different traffic scenarios and optimizing sig-
nal timings, urban planners can reduce congestion and improve the efficiency of
transportation networks.

Assess sustainability: SUMO allows for the evaluation of environmental impacts, such
as vehicle emissions, which is essential for studying sustainable urban mobility.

Test policy measures: SUMO provides a platform to model the effects of different policies,
such as congestion pricing, on travel behavior and overall system efficiency.

The adoption of SUMO in academic and professional studies highlights the increasing
reliance on simulation-driven methods in urban transportation planning. These approaches
offer a versatile and economical means to evaluate intricate urban settings before applying
practical solutions. Consequently, SUMO is integral to facilitating informed decisions
aimed at achieving intelligent and sustainable urban mobility systems.

New Horizons in Urban Mobility: Enhancing Community Health and Digital Innovation

Lastly, ns-3 (Network Simulator 3) is a discrete-event network simulator for Internet
systems, targeted primarily for research and educational use. It is widely used to simulate
and study the performance of network protocols and Internet systems, including those
related to vehicular communications and Intelligent Transportation Systems (ITSs) [53].
However, its application has expanded into urban transportation research, particularly in
studies that explore the interaction between transportation systems and communication
networks, such as ITSs. The significance of ns-3 in urban mobility research lies in its ability
to achieve the following.

Simulate communication networks in ITSs: ns-3 can model the exchange of data between
vehicles (vehicle-to-vehicle, V2V) and between vehicles and infrastructure (vehicle-to-
infrastructure, V2I). This capability is essential for the development of connected vehi-
cle technologies and autonomous driving systems, which are central to the future of
urban mobility.

Evaluate traffic management systems: ns-3 is a valuable tool for simulating and opti-
mizing traffic management protocols that depend on real-time communication to enhance
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safety and efficiency. For instance, it can model dynamic traffic signal controls or real-time
traffic monitoring systems to test and refine their performance under various scenarios.

Assess the impact of communication delays: With communication networks being integral
to modern transportation systems, ns-3 allows researchers to investigate how network
delays or failures affect urban mobility solutions. This is especially critical for evaluating
system performance during congestion or emergencies.

By emphasizing the increasing synergy between transportation systems and communi-
cation technologies, ns-3 empowers researchers to tackle the complexities of incorporating
digital innovations into transportation infrastructure. Its application becomes ever more
pertinent as cities aim to develop smarter, more interconnected, and more efficient urban
mobility systems.

In summary, public health, walkability, SUMO, and ns-3 are important terms
in urban mobility due to their focus on improving community health, enhancing
pedestrian-friendly environments, simulating traffic patterns, and analyzing network
performance, respectively.

4.3. From Descriptive Statistics to Meaningful Insights

The descriptive statistics provided in this section highlight significant trends and
emerging themes in urban transportation research. The observed increase in keywords
such as “autonomous vehicles”, “SUMO”, and “reinforcement learning” aligns with the
technological evolution of the transportation sector, emphasizing the growing importance
of simulation and machine learning tools. These advancements enable researchers and
practitioners to model complex systems, optimize traffic flow, and evaluate sustainable
transportation strategies with greater precision.

Furthermore, the prominence of keywords like “public health” and “walkability”
indicates a paradigm shift in urban planning toward more people-centric and health-
conscious design approaches. This trend reflects the increasing recognition of mobility as a
determinant of public health, urging policymakers to prioritize pedestrian infrastructure,
reduce vehicle dependency, and promote active travel modes.

These findings offer practical insights for urban planners and policymakers. For
instance, the prominence of the keyword cluster “urban mobility”, encompassing terms
such as “AHP”, “GIS”, and “simulation”, highlights the critical role of multi-criteria
decision-making tools and spatial data analysis in designing efficient, sustainable, and
inclusive transportation systems. Policymakers are urged to integrate these tools into their
evaluation of various transport policies and investment decisions.

Additionally, the analysis underscores the continued influence of topics like “COVID-19”
on urban mobility research, demonstrating how global disruptions can reshape transportation
dynamics. These insights lay the groundwork for further investigation into the interplay
between technology, public health, and sustainability in defining the future of urban mobility.

5. Discussion

5.1. Bibliometric Analysis of Urban Transportation Publications

This study utilized Biblioshiny, a web-based platform for bibliometric analysis, to
gather and analyze a large volume of academic publications in the urban transportation
field. Biblioshiny enables data collection, assessment, and visualization, offering insights
into the chronological progression of urban transportation research, prominent authors,
journals, and keywords. Additionally, VOSviewer, a sophisticated network visualization
tool, was employed to construct network maps illustrating keyword trends and their
evolution over time, unveiling emerging research themes and trends in urban transport.
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The comprehensive bibliometric analysis aimed to offer readers an extensive overview
of the academic advancement of urban transportation studies. In this context, between
2018 and 2023, this study evaluated 2000 articles on urban transportation from 617 journals
in the Scopus database. The number of publications increased by an average of 31.32%
annually. The average age of the publications was 2.92 years, and each article received
an average of 12.19 citations. Out of 5609 authors, 204 published single-authored papers.
Additionally, 30.15% of the total documents had international co-authorship.

5.2. Publication Trends and Leading Contributors in Urban Transportation Research

In 2023, urban transportation research reached its peak with 453 publications, surpass-
ing the output of previous years, including 2018, 2019, 2020, 2021, and 2022. However,
2018 stands out for achieving the highest citation rate, with an average of 29.71 citations
per study in this domain.

Furthermore, the primary country is “China”, the main author is “Liu Y.”, and the pri-
mary keyword is “urban mobility” concerning the Sankey diagram analyzing the significant
features of the literature on urban transportation.

In addition, the analysis reveals that Sustainability (Switzerland) leads in the num-
ber of publications on urban transportation, contributing 200 articles, followed by IEEE
Transactions on Intelligent Transportation Systems with 48 articles and Journal of Transport
Geography with 45 articles. In terms of citations, Sustainability (Switzerland) also ranks
first with 1347 citations, while the Journal of Transport Geography and Transport Policy
follow closely with 865 and 844 citations, respectively.

Moreover, in the area of urban transportation, “Southeast University” emerged at
the top with 85 publications from 2018 to 2023, followed by “Aristotle University of
Thessaloniki” with 62 publications and “Massachusetts Institute of Technology” with
60 publications, according to studies from the institutions or affiliated organizations of
the authors.

5.3. Key Contributors and Global Collaboration in Urban Transportation Research

A total of 2000 research papers on urban transportation were authored by 5609 in-
dividuals across diverse publications. Among the most influential contributors globally,
Liu Y ranks first with 16 articles, followed by Basbas S and Wang Y, each with 14 articles,
and Wang J in third place with 13 articles.

Concerning the discussions about urban transportation, China has the highest number
of broadcasts (803), followed by Brazil (701), the USA (559), and Italy (512). The most
frequently mentioned country is the USA (2697), followed by China (2285), Spain (1886),
and Italy (1829). In the field of urban transportation, China collaborates with the USA, the
United Kingdom, Hong Kong, Singapore, and Australia. The USA collaborates with the
United Kingdom, Italy, and Singapore. Brazil collaborates with the USA, and Germany
with the Netherlands. It can be concluded that China is the most active in international
cooperation in this area.

The most cited papers tend to reflect the productivity of their authors. For example,
the article titled “Effects of the COVID-19 Lockdown on Urban Mobility: Empirical Ev-
idence from the City of Santander (Spain)” by Aloi et al. (2020) leads with 329 citations.
In second place is “A Deep Reinforcement Learning Network for Traffic Light Cycle Con-
trol” by Liang et al. (2019), published in IEEE Transactions on Vehicular Technology, has
305 citations. The third-most-cited paper, “Process Safety and Environmental Impacts of
COVID-19 on Public Transport Ridership in Sweden: Analysis of Ticket Validations, Sales,
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and Passenger Counts” by Jenelius and Cebecauer (2020), published in Transportation
Research Interdisciplinary Perspectives, has been cited 280 times.

5.4. Keyword Factor Analysis: Major Themes in Urban Transportation

Keyword factor analysis in the urban transportation literature reveals two major
clusters. The first cluster includes terms such as urban mobility, smart city, urban area,
bicycles, and travel behavior, reflecting a focus on sustainable and behavioral aspects of
urban mobility. The second cluster comprises keywords like intuitive motor transportation,
travel time, vehicles, and intelligent systems, highlighting technological advancements and
efficiency in transportation systems.

The relationship between these keywords collected in the first cluster is intrinsic to
developing sustainable, efficient, and livable urban environments. In this sense, smart
city technologies enhance urban mobility by providing real-time data and analytics. For
example, smart traffic management systems can optimize traffic flow and reduce conges-
tion, directly improving urban mobility [54]. Also, effective urban mobility solutions are
tailored to the specific needs of urban areas, which vary widely in terms of population
density, infrastructure, and economic activities. Urban mobility strategies must consider
the unique characteristics of each urban area to be effective [55]. Bicycles are a cornerstone
of sustainable urban mobility strategies. Incorporating cycling infrastructure into urban
planning allows cities to reduce dependence on motor vehicles, resulting in decreased
emissions and better public health outcomes [30]. Moreover, smart city initiatives collect
and analyze data on travel behavior to inform transportation planning and policy. Under-
standing how people move through the city allows for the development of more efficient
and user-friendly transport systems [27]. Furthermore, travel behavior in urban areas is
influenced by factors such as the availability of public transport, walkability, and cycling
infrastructure. Policies aimed at modifying travel behavior, such as congestion pricing
or incentives for public transportation use, can lead to more sustainable urban mobility
patterns [17].

Recognizing the connections among these keywords enables urban planners, pol-
icymakers, and researchers to craft holistic strategies. These strategies aim to im-
prove urban living by advancing mobility, fostering sustainability, and leveraging
technological innovations.

On the other hand, the relationship between the keywords collected in the second
cluster is integral to developing efficient and sustainable urban transportation systems. In
this context, the efficiency of motor transportation directly impacts travel time. Factors such
as traffic congestion, road infrastructure, and traffic management practices significantly
influence how long it takes to travel from one point to another. Reducing travel time
can improve economic productivity and quality of life [56]. Also, vehicles are the core
components of motor transportation. The type, number, and efficiency of vehicles in
use affect traffic flow, road safety, and environmental impact. Policies promoting fuel-
efficient and electric vehicles can mitigate negative environmental impacts [31]. Moreover,
intelligent systems are designed to optimize travel by reducing delays, improving traffic
flow, and efficiently managing traffic incidents through real-time data utilization. For
instance, adaptive traffic signal control systems dynamically adjust signal timings based
on live traffic conditions, significantly minimizing delays and enhancing travel times [33].
Moreover, intelligent systems can enhance the efficiency and safety of vehicle operations.
Features such as automated driving, vehicle-to-vehicle communication, and real-time
navigation contribute to reducing accidents, improving fuel efficiency, and easing traffic
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congestion. The integration of ITSs with vehicles is a crucial aspect of developing smart
and sustainable urban transportation systems [57].

5.5. Enhancing Urban Mobility Through Intelligent Systems and Integrated Planning

In addition, the application of intelligent systems in motor transportation can trans-
form urban mobility by reducing congestion, improving safety, and lowering emissions.
Smart traffic management, dynamic toll pricing, and real-time public transit information
are examples of how intelligent systems optimize motor transportation [58]. Understanding
these interconnections empowers urban planners, policymakers, and engineers to design
transportation systems that are not only efficient and sustainable, but also tailored to the
demands of modern urban populations.

Additionally, a comprehensive analysis of scholarly articles on urban transportation
was carried out using bibliometrics and author-provided keywords to determine the
primary focus areas in the field. The findings revealed that terms like urban transport,
mobility, public transport, urban mobility, and traffic congestion are prominently featured
in academic research.

The connection among these keywords is crucial for creating effective and long-lasting
urban transportation systems. In this context, firstly, urban transportation systems are
designed to enhance mobility within cities. Efficient urban transportation options, such as
well-connected public transportation networks and safe cycling infrastructure, improve
overall mobility by providing reliable and diverse options for movement [31]. Secondly,
public transportation is a cornerstone of urban transportation systems. Expanding and
improving public transportation services can significantly enhance urban mobility, reduce
reliance on private cars, and alleviate traffic congestion [10]. Thirdly, high-quality public
transportation services improve mobility by offering affordable and efficient travel options.
Public transportation can connect various parts of a city, ensuring that all residents have
access to essential services and opportunities, thus promoting social inclusion and reducing
inequality [17]. Fourthly, effective urban mobility strategies are essential for managing
traffic congestion. By promoting public transport, cycling, and walking, cities can reduce
the number of private vehicles on the road, thus easing congestion and improving travel
times for all modes of transport [35]. Fifthly, improving public transportation remains
a vital strategy for mitigating traffic congestion. Efficient, reliable, and convenient pub-
lic transportation options provide a compelling alternative to private car usage, thereby
reducing the volume of vehicles on the road and alleviating congestion [10]. Lastly, com-
prehensive urban transportation planning must address congestion through a multifaceted
approach, combining infrastructure enhancements, demand management strategies, and
policies that promote sustainable transport modes. This integrated approach ensures that
urban transportation systems can effectively support expanding populations and economic
activities without succumbing to overwhelming congestion [35]. By grasping these interre-
lationships, urban planners, policymakers, and researchers can develop holistic strategies
that improve mobility, advance sustainability, and integrate technological innovations to
enhance urban living.

5.6. Integrative Frameworks and Emerging Trends in Urban Mobility

In addition, based on the keyword co-occurrence analysis carried out using VOSviewer
to emphasize the common findings of the study with keywords and the study’s knowledge
base, the most extensive cluster, known as “urban mobility”, includes keywords like AHP,
simulation, and GIS. The integration of the AHP, simulation, and a GIS offers a holistic
framework for tackling urban mobility challenges. Specifically, the AHP helps prioritize
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projects, simulation tests these priorities under various scenarios, and a GIS maps out and
visualizes impacts and feasibility. This integration ensures that decisions are underpinned
by rigorous data analysis, predictive modeling, and comprehensive stakeholder input,
fostering the development of effective and sustainable mobility solutions. It allows cities
to create adaptive systems that can respond to changing conditions and emerging chal-
lenges in urban mobility. By combining these tools, urban planners and policymakers can
develop smarter, more efficient, and more sustainable urban transportation networks. In
summary, the AHP, simulation, and a GIS each serve essential functions in urban mobility
planning by providing the analytical, predictive, and spatial capabilities required for sound
decision making and efficient management. Their combined use results in more informed,
streamlined, and sustainable urban mobility strategies.

In addition to these analyses, the VOSviewer software version 1.6.20 was used to ana-
lyze the keywords “overlay visualization” and color them based on the year of publication.
This helped identify the time intervals in which these keywords appeared in the literature.
The analysis revealed that, from May 2020 to early 2021, keywords like passenger transport,
walking, and big data were heavily studied, while newer keywords such as public health,
walkability, SUMO, and NS-3 have recently started to emerge in the literature. It seems that
emerging terms such as public health, walkability, SUMO, and NS-3 are gaining traction in
the literature, signaling a shift toward new research frontiers that will shape the future of
urban mobility planning.

6. Conclusions

This bibliometric exploration into urban transportation research underscores the
dynamic and rapidly evolving nature of this field from 2018 to 2023. Analyzing 2000 articles
from 617 journals within the Scopus database reveals critical trends and emerging themes
shaping the discourse on urban transportation.

Key findings include a substantial Annual Growth Rate of 31.32% in publications,
with 2023 marking the peak year for research output. China has emerged as a leading
contributor to urban transportation research, both in terms of publication volume and
international collaborations. Prominent authors such as Liu Y. and influential journals
like “Sustainability (Switzerland)” and “IEEE Transactions on Intelligent Transportation
Systems” underscore the global and interdisciplinary efforts in advancing this field.

The analysis identified two primary keyword clusters. The first emphasizes sus-
tainable urban mobility, incorporating terms like urban mobility, smart cities, and travel
behavior. The second focuses on motor transportation efficiency, with keywords such as
travel time, vehicles, and intelligent systems. These clusters reflect the dual priorities of
advancing sustainability and improving transportation efficiency through technological
innovation.

Emerging keywords such as public health, walkability, SUMO (Simulation of Urban
Mobility), and ns-3 (a discrete-event network simulator) indicate new directions in ur-
ban transportation research. These terms suggest a growing interest in the intersection
of transportation with broader societal impacts and technological advancements. The
inclusion of public health emphasizes the increasing recognition of the health implications
of urban mobility, while walkability highlights a shift towards more pedestrian-friendly
urban environments. Advanced simulation tools like SUMO and ns-3 demonstrate the
increasing reliance on sophisticated modeling and analysis techniques to tackle complex
urban transportation challenges, reflecting the field’s commitment to integrating societal
impacts with technological advancements.
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The integration of tools such as the AHP (Analytic Hierarchy Process), simulation,
and GISs (Geographic Information Systems) demonstrates a comprehensive approach
to urban mobility planning. These methodologies enable urban planners to prioritize
projects, test various scenarios, and visualize their impacts, leading to more informed and
sustainable decisions.

In conclusion, this bibliometric analysis provides valuable insights into the current
state and future directions of urban transportation research. The findings underscore the
importance of sustainability, technological innovation, and interdisciplinary collaboration
in addressing the challenges of urban mobility. As new themes like public health and
walkability gain prominence, they will likely shape the development of more holistic and
inclusive urban transportation systems. These insights provide valuable guidance for re-
searchers, policymakers, and urban planners in crafting strategies that elevate urban living
by advancing mobility, promoting sustainability, and leveraging technological innovations.

6.1. Novel Insights and Contributions

It is believed that the insights of this paper offer valuable contributions to the field
by emphasizing the evolving trends in urban mobility and the novel applications of simu-
lation tools and interdisciplinary collaborations. In this context, three main subheadings
are identified.

Emerging Themes and Keywords: The analysis of this study identifies emerging keywords
such as public health, walkability, SUMO, and NS-3, which reflect growing interdisciplinary
concerns in urban transportation. These themes are gaining prominence in recent years
and signal a shift toward more holistic and integrated approaches to urban mobility,
incorporating public health and advanced simulation tools, areas not extensively discussed
in the previous literature.

Growth of International Collaborations: The bibliometric analysis reveals China’s domi-
nant role in urban transportation research, especially in international collaborations, sug-
gesting a shift in global research leadership and influence. This insight has implications for
future research priorities and collaborations across regions.

Technological Integration: This study’s focus on the integration of the AHP, simula-
tion, and a GIS provides a novel framework for decision making in urban mobility. The
integration of these tools provides a holistic framework for assessing and planning sus-
tainable urban transportation systems, addressing gaps that have been underexplored in
previous research.

6.2. Future Directions and Practical Implications

Building upon the key findings of this study, several future directions and practical
implications emerge that could guide urban transportation research and practice.

Advancing Public Health and Walkability Research
The growing emphasis on themes like public health and walkability underscores the

importance of exploring the connections between urban mobility and health outcomes,
paving the way for interdisciplinary research in this area. Future studies could explore how
urban transportation systems can actively promote healthier lifestyles through policies that
prioritize pedestrian-friendly infrastructure, reduced vehicular emissions, and improved
access to green spaces.

Leveraging Simulation Tools for Policy Development
The adoption of advanced simulation tools such as SUMO and NS-3 offers immense

potential for urban planners to test and refine transportation policies in virtual environ-
ments. Future research could prioritize the practical implementation of these tools to assess
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the effects of mobility solutions, such as congestion pricing, shared mobility services, and
multimodal integration strategies.

Enhancing Sustainability through Technological Innovations
Intelligent Transportation Systems (ITSs), electric and driverless cars, and smart

city platforms are examples of emerging technologies that present chances to improve
transportation effectiveness and lessen environmental impact. Taking into account the
social and environmental ramifications of these technologies, researchers and policymakers
should give top priority to incorporating them into long-term urban development plans.

Strengthening International Collaboration
The dominant role of China in urban transportation research underscores the im-

portance of fostering international partnerships. Future efforts should aim to facilitate
global knowledge exchange, particularly between countries with advanced technological
capabilities and those facing unique transportation challenges. This collaboration has the
potential to accelerate the adoption of innovative and context-specific solutions.

Policy Integration and Cross-Sectoral Approaches
Urban mobility is closely linked to other domains, such as housing, land use, and

environmental planning. In order to ensure that infrastructure expenditures result in
both mobility and environmental benefits, policymakers should take into account in-
tegrated methods that address transportation concerns alongside more general urban
development issues.

By addressing these future directions, researchers and practitioners can build on
the insights from this study to develop urban transportation systems that are not only
sustainable, but also equitable and adaptive to emerging challenges. These practical
implications aim to bridge the gap between academic research and real-world applications,
ensuring that urban mobility solutions effectively meet the needs of diverse stakeholders.

This research serves as a foundation for policymakers, urban planners, transportation
authorities, and researchers aiming to improve sustainable mobility. By highlighting global
trends, key themes, and innovations in urban transportation, this study offers valuable
insights for developing strategies that enhance urban mobility, promote sustainability, and
address challenges such as congestion, pollution, and social equity.

6.3. Limitations of This Study

While this bibliometric analysis provides valuable insights into recent trends and
innovations in urban transportation research, several limitations should be noted. Firstly,
this study relies solely on data from the Scopus database, which, while comprehensive,
may exclude relevant studies indexed in other databases such as Web of Science or IEEE
Xplore. Secondly, the analysis focuses on a relatively short timeframe (2018–2023), which,
while capturing emerging trends, might overlook longer-term developments in the field.
Thirdly, this study’s reliance on keyword- and citation-based metrics may not fully capture
the qualitative aspects of research impact or the nuances of interdisciplinary collaboration.
Addressing these limitations in future studies could provide us with a more comprehensive
understanding of the field.
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Abbreviations

The following abbreviations are used in this manuscript:

AGR Annual Growth Rate
AHP Analytic Hierarchy Process
AI Artificial Intelligence
AVs Autonomous Vehicles
DOI Digital Object Identifier
EVs Electric vehicles
GIS Geographic Information System
ICT Information and Communication Technology
IEEE Institute of Electrical and Electronics Engineers
IoT Internet of Things
ITS Intelligent Transportation System

MCDM Multi-Criteria Decision Making
MeanTCperArt Mean Total Citations per Article
MeanTCperYear Mean Total Citations per Year
ns-3 Network Simulator 3
SDGs Sustainable Development Goals
SOTA State of the Art
SUMO Simulation of Urban Mobility
TC Total Citations
TOD Transit-Oriented Development
USA United States of America
VANET Vehicular ad hoc Network
VMT Vehicle Miles Traveled
VOS Visualization of Similarities
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Abstract: Bicycling is a sustainable form of micromobility and offers numerous health and envi-
ronmental benefits. Scientific studies investigating bikeability have grown substantially, especially
over the past decade. This paper presents a systematic literature review of the developed urban
bikeability indices (BIs). The paper provides insight into the scientific literature on bikeability as
a tool to measure bicycle environment friendliness; more importantly, the paper seeks to know if
the BIs consider bicycle infrastructure design principles. Data extraction included identifying the
geographical location, essential indicators, sample size and distribution, data source, the unit of
analysis, measurement scale, methods used to weigh indicators, and identification of studies using
bicycle design principles in BIs. The database search yielded 1649 research articles using different
keywords and combinations, while 15 studies satisfied the inclusion criteria. The studies were
found to be conducted in various geographical locations. The unit of analysis for developing the
index varied across studies, from street segments or bicycle lanes to zones within the city or even
the entire city. The most commonly utilized method in developing urban BIs was a scoring and
weighting system to weigh the indicators. The weighting methods include an equal weight system,
survey-based and literature review-based methods, expert surveys, the analytic hierarchy process,
and a weighted linear combination model. The essential criterion is bicycle infrastructure, such as
bike lanes, routes, and bicycle paths as 14 studies considered it for the construction of the BIs. The
review findings suggest a lack of consideration of all five bicycle infrastructure design principles, as
only three studies considered them all, while others only included a subset. Safety and comfort are
the most commonly considered principles, while coherence is the least considered principles in the
BIs. It is crucial to consider all five bicycle infrastructure design principles to create a bicycle-friendly
environment and attract more people to this sustainable mode of transportation.

Keywords: sustainable mobility; micromobility; bicycling; bikeability; bicycle friendliness

1. Introduction

Cycling and walking are considered healthy and sustainable modes of transportation
and are recognized and endorsed by governments worldwide [1,2]. Bicycles take up less
road space and have zero carbon emissions compared to motorized modes of transportation,
so their use in cities is primarily viewed as advantageous to the environment and air
quality [3–5]. In the past, road officials emphasized motorized vehicles’ safe movement,
hence giving less attention to the green modes of transportation [6]. However, policymakers’
paradigm has been shifted to provide and improve cycling quality to increase the share of
this form of micromobility [6,7]. This necessity to shift travel choices from motor vehicles to
eco-friendly bicycles is driven by traffic congestion, air pollution, and other transportation
problems [8,9].

Cycling requires appropriate infrastructure, which is essential to its attractiveness [10].
For example, bike lanes are crucial for bicyclist safety and comfort [11]. Dedicated and
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protected bike lanes reduce the risk of crashes and injuries, as they provide separation from
the roadway by means of physical barriers [12,13]. Similarly, bicycles need safe parking
facilities, which are crucial for protecting bikes from theft and ensuring convenience for
cyclists [14]. Studies show that current and prospective cyclists are willing to pay for
better parking facilities to enhance their personal safety and protect their bikes from theft
and vandalism [15]. Furthermore, bicycle signals may be required at junctions for cyclists
to cross safely [16]. The absence of traffic signals increases the risk of accidents, as it
leads to confusion and errors in judgment, contributing to a higher likelihood of road
accidents [17]. At the same time, the lack of bicycling infrastructure and a supportive
environment discourages bicycle use [2]. Well-planned bicycle infrastructure has the
potential to increase bicycling share, as evidenced by research showing a rise in bicycle
activity after implementing new infrastructure [11].

The viability of bicycling as a transport mode depends on the condition, comfort,
and safety of the infrastructure [18,19]. Over the years, researchers and practitioners have
developed several models to assess bike riders’ experience. These bicycle infrastructure
assessment methods are objective and subjective. Subjective methods assess perceptions
gathered from surveys, interviews, or group discussions [20]. Direct observation using
audits and geospatial methods using secondary data, such as geographic information
systems and remote sensing, are objective tools that measure the physical characteristics of
an environment [21]. Some of the most commonly used metrics are bicycle level of service
(BLOS), the bicycle compatibility index (BCI), bicycle safety index rating (BSIR), bicycle
suitability rating, CycleRap, and the bikeability index (BI) [6,7,16,21–24].

Bicycle assessment methods date back to the 1980s, when Davis [25] initially proposed
aBSIR. Similarly, other methods have been developed to assess bicycle infrastructure using
metrics such as level of service, quality of service, level of traffic stress (LTS), and the
dynamic comfort index (DCI) [2,26,27]. The concept of bikeability existed before; however,
the term bikeability has grown, especially in the last decade, because of the walkability
concept [21]. Walkability and bikeability are directly related to the built environment,
which affects the accessibility, safety, and comfort of pedestrians and cyclists. Although
there are certain similarities between walkability and bikeability, a notable difference is
in their evaluation. Bicycling requires equipment and a certain level of expertise to ride,
and the significance of infrastructure over land use is more pronounced for cycling than
walking [10]. The growth in the concept of bikeability encompasses both the increased use
of the term and the evolution and refinement of the underlying concept over time. While
planners have been working to improve the conditions for cycling for decades, the term
“bikeability” may not have been widely used initially, and its recent prominence reflects
a growing awareness and emphasis on creating environments that support and promote
cycling. Table 1 summarizes different concepts and their essential considerations when
developing the metrics in the literature to assess the bicycle environment.

Table 1. Methods for assessing bicycle environment.

Assessment Category Relevant Assessment Tools Important Factors References

Vibration or Roughness Index
DCI, International Roughness Index, Dynamic
Cycling Comfort, Bicycle Environmental Quality
Index

Vertical acceleration
Bicycle vibration [2,19,28–30]

Bicycle Level of Service BLOS, LTS, Quality of service, BSIR, Bicycle
Comfort Level Rating

Infrastructure
Geometric design
Traffic conditions
Traffic stress

[1,16,31,32]

Bicycle Safety Index Bicycle Safety Index Motorized vehicles (speed, volume,
flow, density, and infrastructure) [7,33]

Bikeability Index BI, Area-Wide Bikeability Assessment Model
(ABAM), Bike Score®

Safety
Comfort
Attractiveness
Directness
Coherence

[34–38]
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Bikeability can be defined in different ways [39,40]. Bikeability measures how easy,
safe, and convenient it is to ride a bike on a particular path or in a particular area [41].
Lowry et al. (2012) defined it as “an assessment of an entire bikeway network for perceived
comfort, convenience, and access to important destinations.” [22]. According to another
definition, it is the extent to which the real and perceived environment are favorable and safe
for riding [21]. Some scholars have attempted to explain the difference between bikeability
and related concepts, such as bike suitability and friendliness [42]. Bicycle suitability is “an
assessment of a linear stretch of a bikeway’s perceived comfort and safety” [34]. Hence,
bikeability is a superordinate term, both geographically and conceptually [42]. Similarly,
bicycle friendliness includes characteristics of bikeability and refers to a community’s
assessment of many aspects of biking, such as laws and regulations, education initiatives,
and cycling acceptance [42,43].

There has been rising interest in bikeability-related studies as the number of pub-
lications on the subject has increased dramatically, especially over the past four years.
Exponential growth is seen in the number of published papers on “bikeability” since 2010,
starting with 10 articles in WOS and 32 in Scopus that year. The number of publications on
the topic consistently increased over the years, reaching a peak in 2021, with 72 articles in
WOS and 124 in Scopus. The rising interest in bikeability-related studies over the years
can be attributed to several factors. The increased awareness about active modes of trans-
portation and the necessity for sustainable cities can be attributed to this uptick [6]. Using
bicycles as a means of transport can help reduce traffic congestion, improve air quality, and
lower carbon emissions [44]. Also, addressing cycling-related factors, such as safety and
accessibility, is essential for promoting active transportation and public health [45]. Bicycle
use also has health benefits, reducing the risk of all-cause mortality [46]. Bikeability intends
to assess and integrate cycle infrastructure for individual well-being and promote urban
environmental sustainability [6]. The growing body of literature in this area can help inform
the creation of successful policies to increase cycling in cities. Hence, a comprehensive
review of bikeability will be helpful.

Studies and discussions suggest that promoting bicycle use is critical for urban plan-
ning and transportation policy [47,48]. Cities and institutes have stressed that bicycle
infrastructure design principles are essential elements that play a crucial role in promoting
bicycle use [49]. Researchers have developed different tools that can be used to assess a
city’s or a neighborhood’s bikeability—in other words, bicycle friendliness. In addition,
diverse criteria, weighing systems, analysis units, and methods have been used to develop
BIs. To facilitate a comprehensive review of bikeability tools, synthesizing and critically
evaluating the existing literature is imperative.

Additionally, gaining insight into different aspects utilized in BIs is important. More-
over, a vital aspect of this review involves assessing whether urban BIs align with fun-
damental bicycle infrastructure design principles, such as safety, comfort, attractiveness,
directness, and coherence. To inform policymakers about future bicycle planning initiatives
and to extract, synthesize, and extend the existing body of knowledge for the scientific
community, a comprehensive review of the literature that explores the links between bike-
ability indices and bicycle infrastructure design principles in these indices is needed yet
currently missing from existing the literature to the best of our knowledge. A systematic
review paper is presented because it ensures a rigorous and comprehensive synthesis
of existing evidence, minimizing bias and providing a reliable foundation for informed
decision-making in the targeted subject area [50].

1.1. Overview of the Bicycle Infrastructure Design Principles

People of different ages and cycling abilities should experience and enjoy the built
environment [11]. It is understood that people’s standards of what is “acceptable” differ,
but the concept of “inclusive design” serves as the foundation for all bicycle infrastructure
design principles [3,21]. Cycling-friendly infrastructure must meet five internationally
recognized criteria: safety, comfort, attractiveness, directness, and coherence [49,51–53].
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1.1.1. Safety

The perception of danger could discourage people from taking up cycling. Researchers
have found a positive relationship between perceptions of safety and increased cycling [54].
Safety measures for a bicycle include, for example, the type of bicycle infrastructure,
motorized traffic speed along a bicycle path, traffic control devices at junctions, street lights
for evening and night-time cycling, and buffer space from car parking along the cycle
path [35,49].

1.1.2. Comfort

Comfort refers to reduced physical exertion from riding a bicycle on a good net-
work [35]. Bicycling comfortability can be achieved by providing a sufficient width for rid-
ers; providing minimal stopping and starting along cycle routes; minimizing steep grades;
and, whenever feasible, reducing interaction with high-speed or high-volume motorized
traffic. When the mentioned factors are considered, bicycle pathways or cycling routes
create an environment that allows cyclists to travel efficiently and comfortably [55,56].

1.1.3. Attractiveness

Cycling is an enjoyable experience partly because of the close connection to the external
environment [57]. The visual and aesthetic aspects of the built environment are referred to
as attractiveness. This component includes trees and shade, scenery, cleanliness, quality
of public open space, aesthetic buildings, and street furniture [58]. Selecting a bicycle as a
transport mode depends on the attractiveness of cycling and competing modes such as the
bus [59].

1.1.4. Directness

This criterion relates to minimizing traveling distance and time by taking the fastest
route between the origin and destination and avoiding intersections or stoppages [60].
Directness is important, as cycling can be an appealing alternative to driving or public
transportation, particularly for local journeys [6]. A good cycling route must be direct and
eliminate the need for cyclists to undergo diversions [61].

1.1.5. Coherence

Bicycle cohesion (accessibility) is defined as people’s ability to reach their primary
destinations via direct routes [62]. A bicycle network should connect all primary cycling
origins and destination zones/centers. Cycle routes can be made cohesive by the continuity
of bicycle routes and proximity to other transport modes for better connectivity [53].

The remainder of this paper is structured as follows. Section 2 describes the sys-
tematic methodology adopted for the study. Section 3 discusses the results of the study.
Section 4 presents a discussion of the review findings. Lastly, Section 5 presents the study’s
conclusions and limitations and the future scope of the work.

2. Methodology

We utilized the Preferred Reporting Items for the Systematic Review and Meta-
Analyses (PRISMA) procedure for this review [63]. The technique aims to be robust
and reproducible by minimizing possible biases in research reviews and transparent in
choosing and categorizing papers based on precise eligibility criteria [50,64].

2.1. Search Strategy

The study approach began with identifying the topic, the scope of the work, the
research aims, and the objectives. Then, a protocol was developed for the papers to be
included in the review following the PRISMA method. We searched Scopus, Web of Sci-
ence, and ProQuest to find the research papers. The initial search was conducted from
February 2023 to March 2023 and updated in December 2023 to identify new studies. Before
starting the search of the scientific databases, key concepts were developed to ensure we
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did not miss any relevant research. Possible synonyms, technical terminology, layperson’s
terms, acronyms, and abbreviations were considered. Concept 1 included bicycle-related
keywords and phrases, such as “bike*”, “bicycl*”, “bicycl* infrastructure”, “cycl* infras-
tructure”, “bikeab*”, and “bikeability”. Concept 2, on the other hand, included terms like
“index*”, “assessment tools”, “assessment methods”, “evaluation criteria”, “checklist”,
“compatibility”, and “level of service”, focusing on assessment-related terminologies to
further narrow the search towards evaluation methods and criteria.

After selecting keywords, the key concepts inside each component were linked using
“OR”, while the two groups were linked using “AND”. Suitable Boolean pairs such as
“AND” and “OR” help to drastically reduce the number of results returned, as well as
remove undesirable results [50]. The asterisk (*) function in search queries is used to include
variations of words, effectively capturing terms like “bicycle“ and “bicycling“. Additional
filters were also applied to narrow down the number of papers. The search queries and
filters are mentioned in Table 2. We also performed forward and backward snowballing to
identify missed papers while searching scientific databases.

Table 2. Search criteria.

Database Search Terms Filters Articles Found

Scopus

((TITLE-ABS-KEY (bike*)) OR
(TITLE-ABS-KEY (“Bicycl* infrastructure”))
OR (TITLE-ABS-KEY (“Cycl* infrastructure”))
OR (TITLE-ABS-KEY (bikeab*)) OR
(TITLE-ABS-KEY (bicycl*)) OR
(TITLE-ABS-KEY (bikeability)) OR
(TITLE-ABS-KEY (blos))) AND
((TITLE-ABS-KEY (index)) OR
(TITLE-ABS-KEY (“Assessment Tool”)) OR
(TITLE-ABS-KEY (“Assessment methods”))
OR (TITLE-ABS-KEY (“Evaluation Criteria”))
OR (TITLE-ABS-KEY (checklist)) OR
(TITLE-ABS-KEY (compatibility)) OR
(TITLE-ABS-KEY (“level of service”)))

Language: English
Publication period: 2010–2023
Article type: Journal and
conference papers
Exclude subjects like natural
sciences, earth sciences, etc.

1048

Web of Science

((((((TI=(Bike*)) OR TI=(Bicycl*)) OR
TI=(“Bicycl* infrastructure”)) OR TI=(“Cycl*
infrastructure”)) OR TI=(Bikeab*)) OR
TI=(Bikeability)) OR TI=(BLOS)
AND
((((((((TI=(Index*)) OR TI=(“Assessment Tool”))
OR TI=(“Assessment methods”)) OR
TI=(“Evaluation Criteria”)) OR
TI=(“Evaluation Criteria”)) OR
TI=(Compatibility)) OR TI=(“level of service”))
OR TI=(Assess*)) OR TI=(Evaluat*)

Language: English
Publication period: 2010–2023
Article type: Journal and
conference papers
Exclude research areas like
ecology, medicine, natural
sciences, earth sciences, etc.

576

ProQuest

title(Bike*) OR title(Bicycl*) OR title(“Bicycl*
infrastructure”) OR title(“Cycl* infrastructure”)
OR title(Bikeab*) OR title(Bikeability) OR
title(BLOS) AND title(Index*) OR
title(“Assessment Tool”) OR title(“Assessment
methods”) OR title(“Evaluation Criteria”) OR
title(Checklist) OR title(Compatibility)

Language: English
Publication period: 2010–2023
Source type: Conference
papers and proceedings and
scholarly journals
Article type: Journal and
conference papers

17

Forward and backward
snowballing 8

2.2. Eligibility Criteria

The next step was to scrutinize and evaluate the papers to be included in the review.
For this purpose, inclusion and exclusion criteria were defined (see Table 3). First, the arti-
cles had to be published in peer-reviewed journals or as conference proceedings. All other
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publications, such as research letters, book chapters, review articles, research notes, editors’
comments, reader comments, and book reviews, were excluded. Further requirements for
paper selection were that the paper was full-length and published in English after 2010.

Table 3. Inclusion and exclusion criteria adopted for the review.

Inclusion Criteria Exclusion Criteria

• Research articles and conference papers
• Published since 2010
• Full-length paper published in English
• Considered only bikeability
• The focus area must be an urban area.
• Developed a method/tool/application for

evaluating/assessing/measuring urban bikeability

• Hybrid methods
• Measures only one aspect of bikeability
• A method that does not come up with a composition of

indicators into an index
• Review articles, letters to the editor, opinion articles, book

chapters, etc.
• Full text not available to authors

The fourth criterion was to see if the paper considered methods for only bikeability.
We did not consider hybrid methods that measure urban walkability and bikeability. Also,
methods that only considered one aspect of bikeability, for example, bike lanes or bicycle
surface quality, were excluded, since they do not provide a holistic picture of the urban
bicycle environment. Also, studies with a focus other than urban areas, such as the BI
for suburban or rural areas, were excluded, since the attributes that lead to higher or
lower bikeability might differ. Lastly, studies should have developed a method, tool, or
application for evaluating, assessing, or measuring urban bikeability.

In total, we found 1641 research records by searching three databases. In addition, we
also identified 8 research articles based on “snowballing” not found in the initial search.
Figure 1 shows the article identification, screening, and selection process. The identified
records were imported into Rayyan for duplicate removal. Rayyan is a free web tool
designed to assist researchers in managing the literature review process [65]. First, all
duplicates (n = 116) found in the three searched databases were removed. After removing
duplicates from 1533 articles, 1469 were excluded based on title-and-abstract screening. For
the remaining 64 papers, full-text papers (n = 63) were retrieved and assessed against the
eligibility criteria for inclusion or exclusion, as the authors failed to retrieve the full text of
1 research article. Forty-eight studies were ineligible, as they did not satisfy the eligibility
criteria, i.e., they did not construct an index for the bikeability of an urban area or the scope
of the study was outside an urban area. Similarly, some methods were hybrid, considering
both walkability and bikeability. The remaining 15 articles were used for this systematic
review and comprehensively synthesized to extract the results.

2.3. Data Extraction Process

Selected articles were scrutinized to extract relevant data and comprehensively under-
stand their contents to answer the research questions. Table 4 shows the elements extracted
against each category. The extracted information includes the author, year of publication,
city, country, research instrument, data source, measurement scale, geographical location of
the study, study design, unit of analysis, bikeability variables, and type of measurement.
In addition, the retrieved variables were categorized and grouped to identify the studies
using bicycle design principles in BIs.
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Figure 1. Systematic search process based on the PRISMA framework.

Table 4. Elements extracted during the systematic review.

Category Extracted Elements

Identifying information Author’s name; title of the research article; publication year
Study setting The geographical location; description of the study
Research design Sample size; sample selection; characteristics of the population under study; age
Study methods and unit of analysis Data source; unit of analysis; methods used; measurement scale
Critical variables Number of variables considered; important variables
Bicycle design principles in BI Grouping of indicators; identification of study using bicycle design principles in BI
Finding Main results specific to BI; important variables that improve BI, other considerations for BI

3. Results

3.1. Geographical Location of the Studies

The studies included in this literature review were conducted in several countries
worldwide, including Spain (n = 2) [66,67], Germany (n = 2) [42,68], Singapore (n = 2) [69,70],
Greece [57], Japan [69], the United States [34], Colombia [35], Taiwan [36], Canada [71],
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Russia [22], Austria [72], and China [73]. Two studies were conducted across two countries
(the United States and Canada, Singapore and Japan) [38,69].

3.2. Formulation of BI

The BIs offer a valuable tool for assessing how suitable an environment is for cycling.
Authors have used various nomenclatures for BIs, such as the ABAM, BikeDNA, etc. [36,38].
The formulation of an index for urban bikeability is a multi-step process [35]. The first
step is identifying criteria, such as traffic, safety, comfort, or connectivity [66,69]. For each
criterion, a list of indicators is identified. These indicators can include but are not limited
to the presence and condition of bike lanes, pavement quality, traffic volume and speed,
connectivity, land use, topography, bike parking facilities, and bicycle-sharing systems [6].
The selection of indicators depends on the context of the BI; for example, micro-level
indicators are selected to develop BIs for street-level assessment. Studies then assigned a
score or values to these indicators. For example, a scoring system was used in developing
Munich’s BI [42].

The next step is assigning each indicator a weight based on its perceived importance
in facilitating or hindering bikeability. Assigning weights involves population surveys,
stakeholder consultations, expert judgments, or empirical research to reflect each factor’s
relative importance in an area’s overall bikeability [35,36,68]. By combining these weighted
indicators and the scores of indicators, the BI generates a single score that reflects the
overall bikeability of a specific location. This final BI score allows for easy comparison
between different areas and can be a valuable asset for urban planners seeking to promote
cycling within their cities. Equation (1) shows one example of a BI [66]. In the equation,
each criterion has a list of indicators that compute the relevant score, i.e., Ti, Ii, or Ci.

Bi = (0.4 × Ti) + (0.15 × Ii) + (0.15 × Ci) + (0.1 × Pi) + (0.2 × Si), (1)

whereas
Bi = bikeability index
Ti = Traffic indicators
Ii = Infrastructure indicators
Ci = Connectivity indicators
Pi = Parking space indicators
Si = Topography indicators.
Equation (2) is another example of a BI developed to measure the mobility of biking

in Mediterranean cities [67].
BI = αP + βC + γL, (2)

whereas:
P: average of the parameters of the segment
C: number of cyclists in the segment
L: length of the studied segment.
α, β, γ: coefficients associated with the variables.

3.3. Study Demographics and Sample Size

The sample characteristics varied, with some studies using small sample sizes while
others used larger sample sizes. The minimum sample size was 10 respondents [36,42],
while the maximum number of respondents to a bikeability survey was 1402 [71]. One
study did not disclose the sample size and characteristics [67]. The data were collected
from the urban population and tourists. In contrast, three studies did not collect data
from respondents, and they were either based on other methods, such as BLOS and bike
suitability, or objective methods [22,38,73].

A few studies also reported the gender distribution. In the studies that disclosed
the respondents’ genders, men were predominant; only one study had more female re-
spondents than men [72]. Only three studies reported the age distribution of the sample
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population, with one study considering respondents only under 45 years of age [57], while
the other study considered respondents in the range of 18–65 years of age [34]. In another
study, 40% of the participants were younger than 35 [72].

Only one study consulted experts to weigh bikeability indicators, with a majority
of experts from Germany (58%), followed by other European countries (23%) and Amer-
ica (19%) [68]. In addition, most of the participants were researchers (77%), while the
remaining 23% worked in practice. Two studies used focus group discussion and opinion
surveys [34,71]. Also, two studies reported using actual travel behavior data [71,72].

3.4. Methods Used to Develop BIs

Table 5 provides information on the unit of analysis and method used for the develop-
ment of the BI in selected studies. A scoring and weighting system was the most common
method to assess urban bikeability. Of the 15 studies, 7 used a scoring and weighting
system [35,42,66–68,71,72]. In the scoring method, the indicators of the BIs are given points
against a well-defined point score system. The studies usually included complete guide-
lines based on the standard for each indicator. An audit tool is usually used to collect field
data for each bikeability indicator, which are then compared with the guidelines, based
on which a score is assigned. The studies used scores from 0 to 1; a score of 0 represents a
bikeability indicator that does not exist at all, while a score of 1 shows that the indicator
is present according to the standard [35]. Some studies used scores to define if a bikeabil-
ity component is bicycle-friendly or unfriendly [72]. The second essential component of
point-scoring BIs is weighing individual indicators. Usually, each indicator’s weight is
assigned based on user opinion surveys or experts [35,68]. In addition, the system applies
to both individual street segments and grid cells [35,71]. The overall bikeability result is
also measured in terms of points, i.e., 0–1 or 0–100, with lower points meaning less bikeable,
while the higher points mean more bikeable [35,38,73].

Table 5. General characteristics of the selected studies.

Paper
ID

Authors Country Data Source
Unit of

Analysis
Method

Sample
Size

Sample
Characteristics

1 Codina et al.
(2022) [66] Spain

Local bike-user
self-reported
survey

100 × 100 m
scale
City level

Scoring and
weighting 290 DNM *

2 Karolemeas et al.
(2022) [57] Greece

Digital Elevation
Model, Open Street
Map, existing
traffic studies, and
General Urban
Plan

Street segment Spatial analysis
and AHP 15

12 men
3 women
90% under 45 years
old and highly
educated

3 Hardinghaus et al.
(2021) [68] Germany Open geodata,

expert surveys City level Scoring and
weighting 57

37 men
20 women
58% of respondents
from Germany
23% from other
European countries
19% from America
77% professionals
23% researchers

4 Ito and Biljecki
(2021) [69]

Singapore and
Japan

SVI, surveys,
OpenStreetMap
(OSM), land use
(LU), Digital
Elevation Model
(DEM), and Air
Quality Index
(AQI)

Street
segments

Street view
imaginary and
computer
vision

800 DNM
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Table 5. Cont.

Paper
ID

Authors Country Data Source
Unit of

Analysis
Method

Sample
Size

Sample
Characteristics

5 Schmid-Querg et al.
(2021) [42] Germany

Field observations
and inter-
views/questionnaires

Road segments
and
intersections

Scoring and
weighting 10 DNM

6 Tran et al.
(2020) [70] Singapore

Land use maps
Road network
Land use
regression
Spatial analysis

Road segments Objective
approach NA NA **

7 Porter et al.
(2020) [34] United States

Internet-based
self-reporting
questionnaire,
focus group
discussion

City level Exploratory
factor analysis 998

520 men
409 Female
Mean age: 38
(18–65 considered for
data collection)
Graduate degree:
33.4%
College degree:
43.8%
Below college: 22.8%

8 Arellana et al.
(2020) [35] Colombia

Survey
questionnaire,
secondary data,
Google Street view

Road segments Scoring and
weighting 336

208 men
128 women
62.5% belong to
socioeconomic strata
1 and 2, 26.5% to
strata 3 and 4, and
11% to strata 5 and 6.

9 Ros-McDonnell
et al. (2020) [67] Spain Secondary data

Bike
lanes/roads
divided into
segments of
100–500 m

Scoring and
weighting DNM DNM

10 Lin and Wei
(2018) [36] Taiwan

Literature reviews
and stakeholder
interviews

Zones
Analytic
network
process

10 DNM

11 Winters et al.
(2013) [71] Canada

Opinion survey
Travel behavior
Focus groups

10 m grid cells Scoring and
weighting 1402 DNM

12 Lowry et al.
(2012) [22] Russia

Secondary data
and primary data
on variables, if not
maintained
previously

Zones BLOS and bike
suitability NA NA

13 Krenn et al.
(2015) [72] Austria

Bike trips,
questionnaire
survey data

100 m × 100 m
cells

Scoring and
weighting 113

Men: 45%
Women: 55%
Age <35 years: 40%
Age 35–40: 40%
Age >51: 20%

14 Winters et al.
(2016) [38]

United States
and Canada Secondary data City level Weighting and

regression NA NA

15 Dai et al.
(2023) [73] China

Digital elevation
model, Mobile
phone signaling
data, street view
imagery, climate
datasets

Road segments
Spatial and
temporal
analysis

NA NA

* DNM: Did not mention, ** NA: Not applicable.

One study used the Analytic Hierarchy Process (AHP) [57]. The method involves
five steps, as follows: defining indicators, determining parameters, developing scoring
rubrics, weighting each parameter using the AHP, and generating a bikeability map for the
case study. Another study used street view imagery and computer vision with extracted
indicators [69]. The method uses six data sources, i.e., street view imagery, surveys, Open-
StreetMap data, land use, a digital elevation model, and air quality index. The indicators
are grouped into five categories (connectivity, environment, infrastructure, perception, and
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vehicle–cyclist interaction). An index called the composite index was proposed, and the
critical aspect is that it uses an equal point system for the selected indicators in the index.

An objective approach was also utilized to develop a BI in [70]. The proposed BI was
based on four subcriteria, as follows: air quality, accessibility, suitability, and perceptibility.
Indicators were identified for all the subcriteria. Interestingly, an objective method was
used to measure all the indicators, contrary to other bikeability indices in the literature. In
developing a BI, one study used an exploratory factor analysis [34]. To identify and shortlist
critical factors that would later be included in the index, an observational, cross-sectional
study was conducted to assess multi-level ecological factors and their association with
bicycling behavior. A self-reported Internet-based questionnaire assessed the proposed
ecological factors of bicycling behavior. The concepts were shortlisted from the literature
review, and focus groups were conducted at the two study locations to determine the factors
necessary for adopting and maintaining bicycling behavior. The information obtained from
literature and focus groups was used to draft an initial survey, which was then rectified after
the pilot test. After data collection, the BI creation process involved the following steps:
(1) determining the need for domain-specific indices through Spearman rank correlation
coefficients; (2) identifying appropriate buffer sizes for environmental variables based
on Spearman rank correlation coefficients; (3) conducting a Kaiser–Meyer–Olkin test and
exploratory factor analysis to identify essential environmental factors; (4) using factor
loadings to create domain-specific indices, ensuring the fit criteria of loadings, the absence
of cross-loading, and the presence of at least three variables; (5) evaluating the association
between domain-specific bikeability indices and bicycling frequency through correlation
coefficients, stratification, and regression analyses, adjusting for clustering by study site
and covariates.

One study introduced a BI called the ABAM using an analytic network process (ANP)
method [27]. This study adopted the same approach as [34] in shortlisting assessment
criteria. However, stakeholders were interviewed instead of cyclists to refine the initial
criteria. The ABAM utilizes gray numbers to account for diverse performances within
zones, ranking them based on identified interdependent criteria. Another study used the
BLOS to determine the bikeability of the bikeway street network [22]. The first step to
develop the BI was to calculate the BLOS for the bikeways in the study area. The resultant
BLOS score can be used for a set of destinations to assess its bikeability, for example, the
bikeability to public parks or commercial destinations. The multinomial logit mode choice
model has also been used to determine a BI [68]. BI development was carried out in three
steps. A literature review was conducted to identify bikeability indicators, and the expert
survey was used to establish a weighting. Finally, an extensive spatial BI was developed by
combining the established categories using OpenStreetMap data.

One study used the following four sub-indices to construct a BI: safety, comfort,
accessibility, and vitality [73]. It utilized open-source data, advanced deep neural networks,
and GIS spatial analysis to eliminate subjective evaluations and provide a more efficient
and comprehensive evaluation of bikeability. The weights of each indicator were assessed
based on principal component analysis. Another study developed a BI to gain insight
into the elements that shape the behavior of residents’ cycling activities by using machine
learning, deep learning, and trajectory mining algorithms on large, multi-dimensional
datasets [73]. The utilized datasets encompass a variety of sources, including bike-sharing
trajectory data, digital elevation models, mobile phone signal data, points of interest, street
view imagery, air quality monitoring data, and ERA5 climate datasets.

3.5. Unit of Analysis

The unit of analysis varied from the city level to street segments, intersections, and zones.
Seven studies developed the BI for street segments or bicycle lanes [35,42,57,67,69,70,73]. The
length for which the data were extracted/collected differed in these studies; for example,
one study used 500 m aggregation for connectivity indicators and 100 m aggregation
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for some indicators, i.e., road width and presence of on-street parking [69]. Few studies
considered data for the entire segment (road or lane) [35,42,57].

Another study considered bikeability for intersections, and the same indicators were
used for intersections and road segments [42]. A bikeability method was also developed
for bike lanes/roads [67]. However, the lanes were divided into segments of 100–500 m
for better results and a more accurate and detailed assessment of the bikeability of a given
segment. Four studies used a scale as the unit of analysis for the bikeability of urban
areas [38,66,71,72]. The scale varied from 10 m [71] to 100 × 100 m [66,72], meaning they
analyzed bikeability at a very granular level. Two studies considered bikeability in zones
within a city [22,36]. In contrast, the remaining two studies considered bikeability at the
city level [34,68].

3.6. Summary of the Bikeability Assessment Tools

Table 6 provides a synthesis of indicators affecting bikeability in urban environments,
the crucial indicators considered, their assessment methods, and the research findings
of each BI. One BI is based on a survey and literature review to identify challenges and
hotspots in the built environment [66]. Another BI employs the analytic hierarchy process
to evaluate ten indicators, such as slope and junction density, to demonstrate that the road
network is the most influential factor in bikeability [57]. Experts were consulted in one
study to rank the significance of five indicators [68]. The results indicated that biking
facilities along main streets are emerging as the most pivotal element.

Another study used a spatial value index, infrastructure, perception, and vehicle–
cyclist interaction to identify 34 indicators that explain more than 65% of the spatiotemporal
mobility pattern [69]. Constructing a BI showed that bicycle infrastructure and speed
limits are the most critical criteria for bikeability [42]. An index was also developed
using a weighted linear combination model, and 12 indicators, including air quality, were
combined to calculate the BI [70]. Moreover, exploratory factor analysis was conducted, and
it was found that objectively measured environmental variables are more associated with
bicycling for transportation and transportation bicycling frequency than with recreation
bicycling [34]. Finally, one study used survey data and discrete choice models to rank
20 indicators and found that security is the most critical factor for frequent cyclists whose
travel purposes are work and shopping [35].

Table 6 also provides information on different methods of weighting indicators used
in BI studies. The weighting methods include an equal weight system, survey-based and
literature review-based methods, expert surveys, the analytic hierarchy process, and a
weighted linear combination model. These methods determine the relative importance
of different indicators in a study or analysis. Some methods, such as exploratory factor
analysis and rank survey data using discrete choice models, focus on statistical techniques
for the weighting of indicators. Other methods, such as pairwise comparisons through an
analytic network process and focus group discussion-based weights, involve subjective
input from experts or stakeholders to determine the relative importance of different indica-
tors. Survey-based and equal-weight systems are the most common methods used in BI
studies to weigh indicators. Table 6 also provides an overview of the significant findings
reported by the studies included in the review.
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Table 6. Key indicators, weighting system, and findings of the selected studies.

Paper ID No. of Indicators Key Indicators
Weighting System for

Indicators
Findings

1 10

Collisions involving bicycles; cyclist
volume; nearest cycle path; nearest cyclable
lane; intersections of cycle paths;
intersections of cyclable lanes; intersections
of cyclable paths and cyclable lanes;
distance to biking stations; distance to bike
racks; percent rise

Survey-based: Findings
from the literature review

The proposed index helps show
problematic areas.
Predicting how often people will
cycle.
People living in places with more
built environment features are
more likely to ride.

2 10

Slope; junction density; traffic density;
traffic speed; natural environment; built
environment; centrality; activity coverage;
accessibility to public transport stations;
accessibility to bike-sharing stations

Analytic hierarchy process

Two-level hierarchy model.
In Level 1, the road network is the
most dominant factor.
In Level 2, slope and junction
density are the most critical factors.
Accessibility to bike-sharing
stations is the least essential factor.

3 5

Prevalence of neighborhood streets; street
connectivity; biking facilities along main
streets; green pathways; other
cycling facilities

Expert survey-based
weights

Biking facilities along main streets
are the most crucial component of
bikeability.
In order of importance, the crucial
indicators are street connectivity,
the prevalence of neighborhood
streets, and green pathways.

4 34

Connectivity
No. of intersections with lights; No. of
intersections without lights; No. of
culs-de-sac
Environment
Slope; No. of POIs; Shannon land use mix
index; air quality index; scenery—greenery;
scenery—buildings; scenery—water
Infrastructure
Type of road; presence of potholes;
presence of street lights; presence of bike
lanes; No. of transit facilities; type of
pavement; presence of street amenities;
presence of utility poles; presence of bike
parking; road width; presence of sidewalks;
presence of crosswalks; presence of
curb cuts
Perception
Attractiveness for cycling; spaciousness;
cleanliness; building design attractiveness;
safety as a cyclist; beauty; attractiveness
for living
Vehicle–Cyclist Interaction
No. of vehicles; presence of on-street
parking; presence of traffic lights/stop
signs; No. of speed control devices

Equal weight system

Street view imagery (SVI) can be
used to explain more than 65% of
the spatiotemporal mobility
pattern.
The computer visiontechniques
and SVI can be used to assess
bikeability within and among
cities.

5 4
Existence and type of bike path; speed
limit; parking facilities for bicycles; quality
of intersection infrastructure for bicycles

Survey-based weighting
Bicycle infrastructure is the most
fundamental criterion, followed by
the speed limit.

6 12
Leisure; transport; commercial; daily route;
slope; sinuosity; bike route; greenery;
crowdedness; outdoor enclosure; PM2.5; BC

Weighted linear
combination model

The inclusion of air quality makes
a significant difference in
calculating bikeability.
Air quality, green spaces, and
multiple land-use patterns should
be improved in low-bikeability
areas to enhance cycling mobility.

7 15

Bicycle lanes; separated paths; bicycle
sharrows; protected bicycle lanes; bicycle
signage; residential density; population
density; ozone level; particulate matter;
culs-de-sac; intersection density; highway
density; distance to transit; parks; tree
canopy coverage

Exploratory factor analysis

Environmental variables are not
substantially correlated with
recreation bicycling.
The environmental variables are
more significantly associated with
bicycling used for transportation.
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Table 6. Cont.

Paper ID No. of Indicators Key Indicators
Weighting System for

Indicators
Findings

8 23

Presence of bicycle infrastructure; quality
of bike path pavement; obstacles on bike
paths; slope of bike paths; width of bike
paths; presence of trees; aesthetics of
buildings; presence of bicycle
infrastructure; presence of traffic control
devices; bus traffic flow; vehicle traffic
flow; motorcycle traffic flow; pedestrian
traffic flow; motorized transport; speed;
presence of police officers; presence of
security cameras; bike traffic flow;
lightning; criminality on roads, directness
and coherence; climate; cost of trip

Rank survey data; discrete
choice models

Security is the most critical factor
for frequent work and shopping
cyclists.
Bicycle infrastructure is the most
crucial factor for sport cyclists.
The slope of bike paths is one of
the least essential components for
comfort.

9 6

Conflicts with other modes of transport;
mobility and urban road crossing;
obstructions in mobility segments; safety in
mobility; signaling and lighting of the bike
lane; connection and distribution

Equal-weight system The BI can identify disparity in
situations along the bicycle lane.

10 25

Bikeway density; bikeway width; bikeway
exclusiveness; bike parking space density;
sidewalk width; sidewalk pavement;
parking space for cars/scooters; arcade
density; shoulder width, traffic volume;
bus route; law enforcement; transit service;
public bike service; public bike
unavailability; tree shade; green space; air
quality; slope; smooth traffic; conflictless
traffic; night lighting; intersection density;
bikeway ratio; mixed land use

Pairwise comparisons
through analytic network
process

Hilly terrain negatively affects
bikeability.
Intra-district biking travel could
promote better satisfaction for
bikers than inter-district biking
travel.
Bikeable districts contain large
parks and good biking and
pedestrian facilities.

11 5
Bicycle route density; bicycle route
separation; connectivity of bicycle-friendly
streets; topography; destination density

Focus group
discussion-based weights

A significant positive correlation
exists between the proportion of
bicycle work trips and the
bikeability score.

12 10

Outside lane width; bike lane width
shoulder width; proportion of occupied
on-street parking; vehicle traffic volume;
vehicle speeds; percentage of heavy
vehicles; pavement condition; presence of
curbs; number of through lanes

Weighted as adjustment
factors

Bikeability increased for the
following three scenarios:

(1) Adding new bike lanes to
the community;

(2) Adding new shared-use
pathways;

(3) Adding both new bike lanes
and shared-use pathways.

13 5

Cycling infrastructure; presence of
separated bicycle pathways; main roads
without parallel bicycle lanes; green and
aquatic areas; topography

Equal weight system

Regular cyclists live in more
bicycle-friendly neighborhoods
than non-cyclists.
There is a positive relationship
between the BI and cycling
behavior.
Cycling infrastructure, bicycle
pathways, and green areas were
positively related, and main roads
and topography are negatively
related to the used route.

14 4 Bike lanes; hills; destinations and road
connectivity; bike commuting mode share Unequal weight system

Census tracts with the highest bike
scores (90 to 100) have mode
shares 4.0 higher than the lowest
bike score areas (0–25).
Bike score correlates moderately
with journey-to-work cycling
mode share at the city level
(r = 0.52) and the census tract level
(r = 0.35).
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Table 6. Cont.

Paper ID No. of Indicators Key Indicators
Weighting System for

Indicators
Findings

15 13

Wind speed; slope; precipitation;
temperature; sky view index; green view
index; sinuosity; PM2.5; average speed;
public transport; commercial accessibility;
number of trajectories; crowdedness

Principal component
analysis

Elevated safety, accessibility, and
vitality in areas result in higher
bikeability scores.
Traffic congestion, which lowers
cycling speed and actual
bikeability, is a potential downside
of the higher vitality levels.

3.7. Important Variables Considered in the BIs

Usually, BIs comprise several variables that contribute to the overall score. The system-
atic review indicated that the essential criterion is bicycle infrastructure, such as bike lanes,
routes, and cycle paths, as 14 developed BIs considered it. Only one BI did not consider the
presence of bicycle lanes or paths because the BI was based on spatiotemporal bikeability
using big data. Topography and trees or greenery along the bicycle path/lane were consid-
ered the second most crucial variables in calculating the BI, as mentioned in nine studies.
The use of the presence of trees or green areas as an indicator underlines the importance of
a pleasant and stimulating environment for cyclists. The city’s topography or slope along
bicycle paths significantly impacts cyclists’ comfort, underscoring the importance of the
physical effort needed for biking. Other essential components include traffic density on
roads or at intersections (seven studies), vehicular traffic flow (seven studies), availability
of street lights (six studies) and access to transit facilities (six studies). Five indicators were
used in five BIs. These indicators are bicycle parking facilities; connectivity; traffic speed;
safety and security; and density, such as population, residential, or arcade. Bicycle lane
width, land use, conflicts, traffic control devices, and aesthetics of the buildings were used
in four BIs.

Additionally, ten indicators, i.e., road width, the presence of sidewalks, road signage,
pavement condition, parking facilities for vehicles, centrality, particulate matter, road sig-
nage, intersections, bike path density, and cyclist volume, were used in at least three BIs.
Nine indicators were used at least twice. These indicators include crowdedness [70,73],
culs-de-sac [34,69], curbs [22,69], and bicycle path obstacles [34,67]. Other less common
indicators in BIs were only considered by one study. Some of these less frequently consid-
ered indicators include the ozone layer [34], utility poles [69], activities coverage [57], wind
speed [73], and crimes [35].

After identifying the indicators used in developing the BIs, grouping them into five
bicycle design principles was necessary. Indicators can be represented by one or more
bicycle design principles. Based on the systematic review, all 181 indicators were narrowed
down, since some were used with different names although measuring the same feature,
such as grade and slope (see Appendix A). The indicators in the BIs were grouped into five
bicycle infrastructure design principles. Figure 2 displays the indicators associated with
each bicycle design principle.
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Figure 2. Relevant variables in bikeability design principles.

3.8. Bicycle Infrastructure Design Principles in the BIs

Bikeability assessments are generally based on the following five bicycle infrastructure
design principles: safety, comfort, attractiveness, directness, and coherence [74]. These fac-
tors can be represented by a collection of components that are properties of each factor [35].
Table 7 shows the BIs developed by various researchers considered in this review. The
table provides an overview of the BI studies considering at least one indicator from each of
the five bicycle infrastructure design principles. It is evident from Table 7 that only three
studies considered all the indicators from the design principles, while others only included
a subset. For instance, one BI only considers safety, coherence, and comfort, while some
consider all five principles [35,66].

Safety and comfort are the most commonly considered principles, directness and
attractiveness are less commonly considered, and coherence is the least considered principle
in the studies. Three BIs only considered the following two bicycle infrastructure design
principles: safety and comfort [42,67,73]. Based on Table 7, it is clear that the bicycle
infrastructure design principles considered in constructing a BI vary across different studies.
However, for a comprehensive and holistic assessment of bikeability, it is recommended to
consider all five principles, as each contributes to the creation of a safe and attractive cycling
environment. Therefore, future studies should develop a BI incorporating all indicators for
a more comprehensive bikeability assessment.
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Table 7. Synthesis of BIs according to bicycle infrastructure design principles.

Paper ID
BI Index Categories

Safety Comfort Attractiveness Directness Coherence

1 � � �

2 � � �

3 � � �

4 � � � � �

5 � �

6 � � �

7 � � � �

8 � � � � �

9 � �

10 � � � � �

11 � � �

12 � �

13 � � �

14 � � �

15 � � � �

� (Considers at least one indicator).

4. Discussion

The authors comprehensively reviewed various methods and approaches developed
for bikeability indices in urban environments. The review findings show that a scoring
and weighting system was the most commonly used method for the assessment of urban
bikeability. This method is most popular because it offers a systematic and easy-to-follow
approach to constructing BIs [35,72]. This approach is utilized in similar research, i.e.,
BLOS and walkability index research [24]. However, the scoring and weighing system
has critics [27]. For example, some BIs used an equal weight system, which is often
criticized because the indicators do not affect the index equally [24]. To overcome this
problem, studies have used questionnaire surveys to find the weight or importance of
indicators [35,71].

For weighing indicators, a sample size that is significant enough is required to ensure
the collected data accurately represent the population of interest [74]. Nonetheless, one
study used a small sample size to construct an indices and surveyed only ten bicyclists [42].
A small sample size can lead to biased and mostly unreliable conclusions that may not
represent the broader population [10]. The importance of variables in BIs based on a smaller
size raises concerns about their generalizability, which limits their applicability.

Interestingly, only one study consulted only experts to weigh bikeability indicators,
which may suggest a lack of expert involvement [57]. Asadi-Shekari et al. (2019) stated that
expert surveys can help researchers ensure that the most important indicators are consid-
ered [20]. However, there are also potential drawbacks to relying solely on expert surveys.
Experts may have biases that can influence their perceptions, and their opinions may not
necessarily reflect the preferences and needs of the users. Therefore, a balanced approach
that combines expert surveys with other methods, such as community surveys, can help
overcome these limitations [65]. Ahmed et al. (2021) suggested using the mixed approach
and argued that this could provide valuable insights in selecting effective indicators [24].

The BIs used various methodologies to collect data, mainly conducted through field
surveys or reliant on data provided by government departments or other secondary
sources [34,35,69]. This approach is usually time-consuming and requires human and
financial resources, while the data may be outdated due to recent developments if relying
on secondary sources. Recent BIs have utilized emerging technologies and data sources, in-
cluding remote sensing images, virtual auditing through SVI, and crowdsourcing, for data
collection [36,71–73]. This approach can be more standardized and scalable but comes with
technical difficulties in the implementation stage. In addition, remotely sensed imagery
cannot capture micro-scale street-level information.
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Another crucial finding is that the unit of analysis for the development of the indices
varied across studies. Some BIs focused on street segments or bicycle lanes, while others
considered intersections, zones within the city, or even the entire city. This variability in the
unit of analysis is essential to consider, as it can impact the accuracy of the BI. For example,
studies analyzing bikeability at a very granular level, such as 10 m or 100 × 100 m, can
provide a more detailed and accurate bikeability assessment for a segment or area [66,72].
In contrast, studies focusing on the city level may not capture the nuances of bikeability in
different neighborhoods or streets. Deciding on the BI for a specific context is essential; if
street-level bikeability is needed, the BI method developed by Arellana et al. (2020) is very
appropriate [35]; however, if macro-scale bikeability of the city is required, the methods
developed by Codina et al. and Lin and Wei are beneficial [36,66].

The systematic review results show a lack of uniformity in the number and types of
indicators considered for the BIs. The number of indicators considered varied significantly
between studies, ranging from 4 [38,68] to 34 [69]. This disparity can make comparing
bikeability indicators and scores across different cities challenging, as the indicators’ defini-
tions and metrics differ widely. However, the most commonly considered indicators are
bicycle infrastructure, greenery along bicycle paths, slopes, vehicular traffic flow/volume,
street lights, bicycle path connectivity, and traffic speed. These indicators are related to the
sense of comfort and safety along the bicycle pathways, which, when offered, results in a
preference of people to choose bicycles over other modes of transport [75]. Past research
shows that other indicators, along with cycle infrastructure, such as pavement conditions,
road markings, traffic control devices, and crosswalks, play a significant role in getting
people to ride bikes [7,76]. However, few studies have considered these essential indicators.
Therefore, these indicators need more attention while measuring bikeability, as they can
significantly affect rider experience and safety. Furthermore, this review highlights the
importance of selecting appropriate indicators for the local context. For instance, indicators
like the ozone layer and particulate matter may not be relevant for all cities. In contrast,
variables such as motorcycle flow or the presence of police officers may be more crucial for
some cities, like cities in the global south [35]. Therefore, it is essential to consider the local
context while selecting indicators for BIs.

Studies have developed BIs to assess the quality of cycling infrastructure, but no
consensus exists as to which indicators should be included [10,21]. Moreover, the review
results suggest a lack of consideration of all five bicycle infrastructure design principles—
safety, comfort, attractiveness, directness, and coherence—in developing existing indices.
However, these five elements of cycling infrastructure design are universally agreed to
promote bicycling [11,53]. Still, the existing indices focus on only a subset of these prin-
ciples, with safety and comfort being the most commonly considered ones. Zhao et al.
(2018) conducted a study in Beijing and Copenhagen to adapt bicycle design solutions
and recognized the significance of all five principles [53]. They found that good bicycle
infrastructure design always encourages people to cycle.

In this systematic review paper, we found three studies that considered all five de-
sign principles of bicycle infrastructure. However, it should be noted that one study was
conducted in the global south, and it may not be directly applicable to other regions [35].
The other two are complicated methods and require technical knowledge in their applica-
bility [36,69]. Thus, there is a need to develop a new, easy-to-follow BI that incorporates
all indicators from the five design principles for a more comprehensive assessment of
bikeability. This new index would provide a more accurate picture of the quality of cycling
infrastructure, helping policymakers and urban planners prioritize investments that lead
to safer and more attractive cycling environments.

5. Conclusions and Recommendations

Worldwide, the use of micromobility vehicles is significantly increasing in cities. Bicy-
cling is a sustainable micromobility mode. In the past decade, there has been a rising interest
in bikeability-related studies, reflecting a growing awareness of sustainable mobility.

152



Sustainability 2024, 16, 2545

Through this systematic review, we wanted to identify the essential indicators covered
in bikeability studies. The result indicates that bicycle infrastructure is the most commonly
considered indicator in bikeability assessment methods, underscoring its critical role in
promoting cycling as a viable and preferred mode of transportation. It is followed by
indicators such as trees or greenery along the bicycle path/lane and bicycle comfort factors
like slope. Other crucial bikeability indicators include bicycle parking facilities, bicycle path
connectivity, vehicular traffic volume, traffic speed, intersection density, and road signage.
The critical indicators identified in this review will help urban planners and policymakers
to plan well-designed bicycle infrastructure. This will facilitate safer and more efficient
travel for cyclists and reduce congestion and pollution from motor vehicles, aligning with
broader environmental and public health goals.

BIs are a vital tool in assessing the friendliness of urban settings towards cyclists,
encompassing various levels, i.e., street segments to city-level assessment. However, a
few issues were identified, such as some BIs using a small sample size for weighing of the
index indicators. The second issue found was that there is no consensus on the number of
indicators used in BIs. Studies have used from 4 to 34 indicators. Another critical research
question was whether urban BIs consider bicycle infrastructure design principles. Since
governments and researchers agree that five bicycle infrastructure design principles should
be considered to make bicycles an attractive mode for medium and short trips in urban
areas, we categorized the indicators used in the studies into safety, comfort, attractiveness,
directness, and coherence. The results suggested that the safety and comfort components of
bicycle infrastructure were the most commonly considered principles, while coherence was
the least considered. However, for a comprehensive and holistic assessment of bikeability,
it is recommended to consider all five design principles. Each principle contributes to the
creation of a safe, comfortable, and attractive cycling environment, which is crucial for the
promotion of cycling and the improvement of infrastructure.

The findings of this literature review emphasize the importance of accurately analyz-
ing bikeability to encourage cycling and enhance infrastructure. This review also highlights
the need for a comprehensive and easy-to-follow approach that considers all design princi-
ples and emphasizes the importance of a sufficient sample size in data collection. Future
studies should aim to develop a BI incorporating all indicators for a more comprehensive
assessment and understanding of bikeability in urban environments. One general lim-
itation of this review is that in assessing bicycle infrastructure design principles in BIs,
we considered if the BI considered at least one indicator for each bicycle design principle.
Future studies should delve deeper, incorporating a broader range of variables to evaluate
BIs effectiveness comprehensively.
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Appendix A. Selected Indicators and Their Frequency in the Bis
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Abstract: The proliferation of electric vehicles (EVs) hinges upon the availability of robust and
efficient charging infrastructure, notably encompassing swift and convenient solutions. Among
these, dynamic wireless charging systems have garnered substantial attention for their potential to
revolutionize EV charging experiences. Inductive power transfer (IPT) systems, in particular, exhibit
a promising avenue, enabling seamless wireless charging through integrated pavements for EVs.
This review engages in an in-depth exploration of pertinent parameters that influence the inductivity
and conductivity performance of pavements, alongside the assessment of potential damage inflicted
by IPT pads. Moreover, the study delves into the realm of additive materials as a strategic approach
to augment conductivity and pavement performance. In essence, the review consolidates a diverse
array of studies that scrutinize IPT pad materials, coil dimensions, pavement characteristics (both
static and dynamic), and adhesive properties. These studies collectively illuminate the intricate
dynamics of power transfer to EVs while considering potential repercussions on pavement integrity.
Furthermore, the review sheds light on the efficacy of various additive materials, including metal
and nanocomposite additives with an SBS base, in amplifying both conductivity and pavement
performance. The culmination of these findings underscores the pivotal role of geometry optimization
for IPT pads and the strategic adaptation of aggregate and bitumen characteristics to unlock enhanced
performance within wireless pavements.
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1. Introduction

With the development of urban infrastructure and immigration from rural to urban
areas, the usage rate of various transportation modes, particularly passenger cars, has
grown [1,2]. This issue causes the world to encounter the main problems, such as air
pollution and CO2 emission [3–5]. Therefore, the necessary infrastructures for electric
vehicles (EVs) should be developed [6,7]. One of these critical infrastructures is the charging
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system of EVs. Researchers worldwide are trying to perform fast charging systems to reduce
the time spent on EVs from 8 h up to 35 min [8,9].

In recent years, several studies have been performed on wireless power transfer (WPT)
systems to provide sustainable infrastructure for EVs. These systems help a lot to charge
EVs faster, leading to a reduction in battery size and EV weight and a decrease in the inten-
sity amount of loading on road pavement. WPT can provide an impressive perspective for
the sustainable development of EVs by transferring power in an electromagnetic area [10].
These systems were designed to be both stationary and dynamic [11]. IPT systems are one
of the safest and the most efficient of WPT [12]. These systems, which are embedded within
the road pavements, have the ability to transfer power in an air gap of 10 to 20 cm through
primary coils to the receiving coils with an efficient level of 83 to 92% in EVs.

Therefore, according to the flowchart of Figure 1, in this study, we aimed to com-
prehensively investigate the impact of IPT pad embedment on pavement damage and
explore the role of various pavement layers in facilitating efficient power transfer from
the pavement to EVs. Our method involves a thorough analysis of the effects of wireless
systems on pavement layers, including their response to repetitive loading and thermal
fluctuations, and how these factors influence power transfer efficiency. Additionally, we
will carefully examine the damage caused by the embedment of charging units on the
pavement surface. Based on our findings, we will propose different methods to enhance
pavement properties, ensuring the overall quality and performance of the IPT system.

 

Figure 1. The structure of the present study.

2. Wireless Charging System

The charging of EVs can be operated by various methods. One of these methods is the
pantograph shown in Figure 2. The power transfer in this system is fulfilled by physical
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contact with several weaknesses, such as charging problems in horizontal curves, creating
sparks, decreasing the safety of EVs, and also causing traffic congestion due to the low
level of speed while they are in charge. Another method for EV charging is a conductive
rail, which can be seen in Figure 3. This method has similar problems to the pantograph.
However, the third method is the wireless charging system, which has many positive
aspects and provides energy without a physical connection [13].

The wireless charging system or WPT is accounted as an appropriate solution to
solve EV charging problems [14]. This system provides a safe and efficient condition for
EVs and also eliminates the anxiety of lack of charging and time loss of fixed charging
stations worked via a plug-in [15]. As can be seen in Figure 4, in this system, unlike the
plug-in charging systems, power is transferred by creating an electromagnetic condition
using the embedded coils (primary coil) in the pavement to the receiver coils (secondary
coil) installed under the electric vehicles [16]. There is an air gap between the embedded
coils and receiver coils, which plays an essential role in transferring the amount of power.
Fortunately, this system does not require human interference, and it is provided in two
forms, stationery and dynamic, which can be described as follows.

In terms of configuration, WPT can be classified as either (1) stationary WPT: charge
while the vehicle is not in motion; or (2) dynamic WPT: charge while the vehicle is moving
along the roadway [10]. The difference between WPT systems is based on the percentage of
efficiency, which is under the effect of the air gap. In other words, the smaller the air gap,
the more efficient it is. Coil size is the other significant parameter in the power transfer
efficiency. By studying various research worldwide, it is determined that a greater coil
can transfer a high amount of power through the inductive wireless system. The system
efficiency is lower for dynamic systems than for stationary charging systems, mainly
because a certain amount of magnetic flux is generated by the primary coil that is not
coupled with the secondary coil. Moreover, the speed of EVs plays an important role in
transferring power while EVs are in motion. To put it differently, the lower speed of EVs
leads to a higher charging amount of them. Last but not least are the materials of coils and
the materials that surround the coil system, like aluminum or ferrite materials, which lead
to creating a shield area to increase the magnetic performance.

Figure 2. Electrical charging using a pantograph system [17].

One of the most important applications of wireless charging systems is related to
passenger cars and heavy vehicles. In addition, they can be used in bus rapid transit (BRT)
routes and decrease energy losses. These systems can decrease the size of EV batteries [18]
and the delays of stopping buses for charging in stationary places, and consequently, more
buses can be in service mode. Another advantage of these systems that can be mentioned
is the promotion of the sales market of EVs from 2% in 2020 to 24% in 2050 [19], which
not only will decrease CO2 emissions, but will also decrease the consumption of fossil
fuels [20–26]. Despite the mentioned benefits, the large-scale implementation of WPT
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systems can be one of the challenges for fulfilling such projects, which require a high initial
investment and extensive devastating of pavements.

Figure 3. Electrical charging using conductive rail [13].

 
Figure 4. Wireless charging system using inductive power transfer [17].

3. Inductive Power Transfer

For wireless power transfer, various technologies exist, such as magnetic gear, capaci-
tive, microwave, and inductive coupled charging. According to coaxial cable, magnetic
gear wireless power transfer comprises two synchronized permanent magnets positioned
side by side different from other wireless charging techniques. Capacitive wireless power
transfer transfers power through coupled capacitors realized by metal plates. Microwave
power transfer comprises a receiver installed in any low-voltage product and a microwave
launcher connected to the grid. Inductive power transfer (IPT) transfers power by the use of
alternating magnetic fields between primary and secondary coils. The air-core transformer
with primary and secondary coils is separated through a small space and transfers power
through electromagnetic induction phenomena. IPT systems have superiority and are
applicable for e-roads over other mentioned systems for several reasons such as high power
transfer (approximately 250 KW), high charging efficiency (71–96%), and the smallest air
gap space (7.5–50 cm) [17].

IPT is a technique for coupling electrical power across an air gap without any physical
contact, which was introduced over a hundred years ago. Lack of physical contact allows
IPT systems to realize advantages over conductive counterparts, including resistance to
environmental impacts and comfort. Over the years, various IPT systems have been pre-
sented to apply these advantages for multiple applications, such as powering bio-medical
devices, powering automatic guided vehicles, and battery charging. By the utilization of
IPT systems, EVs can be charged when stationary within a car park, garage, or at traffic
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signals, or dynamically while in motion. Robust IPT pads must be developed for installa-
tion within roadway pavements for both stationary and dynamic IPT EV charging systems
to be economically viable, remaining operational for 20–30 years. Figure 5 illustrates an
overview of usual IPT systems schematically. IPT systems can be divided into various
modular components [27–30]:

– The power is directly derived through the power source, typically from the AC mains
grid, to supply either a regulated DC supply to the inverter or a modulated AC
frequency derived from the mains frequency.

– The inverter transforms this DC or extremely low frequency (LF) AC input into a
greater frequency voltage and current (commonly chosen to be in the LF range of
30–300 kHz) appropriate to drive the output compensation network and magnet-
ics that enhance the power transfer ability of IPT systems. According to standard
requirements, a nominal 85 kHz is selected for EV charging systems.

– The primary and secondary pads optimize the coupled magnetic fields generated
from both pads. The power is transferred through resonant IPT between the two pads.
The primary pad is normally placed on or below the ground, and the secondary one is
placed underneath and attached to EVs.

– A secondary controller conditions and regulates the power to the load.
– The load for an EV normally is a battery or an electric motor [30].

Figure 5. Overview of a typical IPT system [30].

Vehicle speed is a fundamental parameter that can directly impact the charging process
in the wireless pavement system. As the speed of the EVs increases, the duration of contact
between the vehicle and the IPT pads changes, affecting the power transfer rate. It is
essential to investigate the relationship between vehicle speed and charging efficiency to
determine the optimal speed range that ensures both effective charging and safe driving
conditions [10].

4. Coil Design

As mentioned in the previous section, the coil is one of the important and inseparable
components of the IPT pad, which has a role in transferring power between the energy
source and receiver. Coils should have a larger dimension than the air gap (100 to 300 mm)
distance between vehicles and pavement surface to operate more efficiently. Moreover, a
magnetic region should be provided with various materials such as ferrite and aluminum
for transferring power efficiently and conducting them to the upper layers [31]. Figure 6
shows an embedded IPT pad within the pavement with four sections: coil, ferrite layer,
aluminum plate, and a case in which all details are installed [30].
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Figure 6. Embedded IPT pad with its components: (a) exploded view, (b) isometric view, (c) cross-
section [30].

Several studies have been conducted to promote the level of coil power transfer
and decrease the power loss between the pavement and EVs. In most of them, the main
structure of coils and usage materials was maintained, and the difference between them is
in terms of geometrical aspects. Figure 7 demonstrates different types of coils. For instance,
most of the time, circular coils are used in the stationary IPT system, or DD coils can be
used for compensating the energy loss, especially for pavements that encounter moisture.
The DD-DDQ pad combination can achieve higher coupling and a charging zone more
than five times larger in terms of coverage area than that of an equivalent circular pad
system [32].

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 7. Different types of coil systems [30]: (a) Circular pad, (b) Rectangular pad, (c) DD pad,
(d) Tri-polar pad, (e) DDQ pad, and (f) Bi-polar pad.

5. Effect of IPT Pad on Power Transfer Performance

By investigating the different studies, it was determined that various factors such as
the depth of the IPT pad, materials of coils, the number of receiver coils, and factors like
these have an impact on the power transfer performance of the wireless pavement. The
depth of the IPT pad can be considered the thickness of the pavement as well. To put it
differently, if the pavements are thicker and the IPTs are embedded in a deeper pavement
layer [33], the inductivity performance and dielectric loss will be decreased and increased,
respectively. In this case, the upper layer of the IPT pad is concrete, the energy loss was
estimated at 3.93 w [17]. However, in the asphalt samples, this energy loss was about 0.01 w.
Using materials like rubber for coil coating [17] or increasing materials like copper and
ferrite for making IPT pads [34] in the amounts of 12 and 30%, respectively, can cover the
weakness of power transfer of the upper layer.
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If all of the above are considered, other requirements such as vehicle speed, number of
receiving coils, and synchronization of the primary and secondary coils should be provided,
and also if the vehicles’ speeds on the wireless pavement exceed 80 km/h, the IPT efficiency
will be decreased intensively. Therefore, a speed of 40 to 60 km/h can be considered an
acceptable speed for efficient performance [35]. Furthermore, the simultaneity of the IPT
pad and receiver coil, and the lack of deviation from each other, can decrease the energy
loss [17].

Some studies have suggested two coil receivers under electric vehicles in order to
solve this problem. Figure 8 shows a sample of two coil receivers. As can be seen, the
connection between the primary and secondary coil was never lost, and this issue leads to
an increase in the efficiency performance of the IPT pad between 96 and 100% [36].

Figure 8. Two installed coils under the electric vehicle and increasing the simultaneity area between
primary and secondary coils [36]: (a) High magnetic field, (b) Medium with one receiver, (c) Medium
Magnetic field with two receivers.

The wireless pavement system (WPS) based on inductive power transfer (IPT) for
electric vehicles (EVs) is undoubtedly a critical infrastructure development in the realm of
sustainable transportation. While the current research has focused on various aspects of
the system’s design and performance, it is essential to acknowledge the potential impact of
environmental factors on its stable functioning. In particular, the effects of rain, snow, and
sandy soil on the WPS warrant further exploration to ensure its robustness and reliability
under diverse weather and terrain conditions.

Rain and snow are common environmental challenges that wireless charging systems
may encounter, especially in regions with frequent precipitation. The presence of water
on the road surface can affect the efficiency of power transfer and may lead to decreased
performance of the wireless pavement system. Investigating the behavior of IPT under
wet conditions, analyzing the impact on charging efficiency, and developing appropriate
mitigation strategies are crucial steps toward ensuring the system’s consistent operation,
regardless of weather conditions.

Sandy soil poses another potential challenge for the wireless pavement system. In
regions with sandy or loose soil, the structural stability and adhesion of the IPT pads could
be compromised. It is essential to study the interaction between the IPT pads and sandy soil,
evaluating the risk of displacement or damage during operation. Addressing these concerns
will lead to improved design considerations, material selection, and installation techniques,
enhancing the long-term sustainability and functionality of the wireless pavement system.

6. Effect of IPT Pad on Pavement Performance

As mentioned in previous sections, IPT pads should be embedded within the pave-
ment layers, and they should not be exposed to traffic loading. Therefore, the pavements
play an important role in preventing the IPT system against thermal fluctuation, freeze–
thaw cycles [37], and repetitive traffic loading [17]. Different studies have been performed
on the effect of charging units (CUs) on pavement damage, and the different conditions of
their performance have been evaluated.

Although pavement layers protect the IPT system, the presence of these systems
causes a lot of damage to pavement layers. The significant point is that more than twice the
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amount of damage will be caused than to a conventional pavement layer. Various factors,
including the geometry of the IPT pad, embedment depth, and their distance from each
other, have an impact on the damage. Figure 9 shows the different types of damage created
on the pavement surfaces affected by the embedment of CUs.

 

Figure 9. Damage related to the embedment of charging units in pavement [17].

As shown in Figure 9, these charging units can increase the cracks in the pavement
surface and cause all kinds of damage such as debonding, slippage, and reflective cracks.
These cracks and damage are aggravated at the edge of the CU and the contact surface of
the pavement and the CU. Due to the fact that CUs usually are constructed from concrete,
lower longitudinal strain and deformation occur exactly on the center and above the
IPT surface, and the pavement faces better resistance than the CU shoulder section. In
addition, debonding and slippage cracks are among the most common forms of damage in
wireless pavements due to horizontal stresses caused by braking and vehicle acceleration.
Reflective cracks occur as a result of CUs being closer to each other. To solve this problem,
an increase in pavement thickness is suggested [17]. According to the previous section, the
distance between IPT pads can be increased from each other, using two coil receivers under
EVs instead.

Fatigue and rutting are among the other types of damage to wireless pavements.
One of the causes of fatigue is the aluminum plate under the IPT pad, which despite
the advantages such as reducing energy loss, has a negative effect on fatigue resistance.
To compensate for this weakness and strengthen the electromagnetic performance of
wireless pavements, it is better to use a layer of asphalt mixture containing magnetic
additives. Despite the various forms of damage to the pavement due to the presence of IPT
pads, rutting is one of the failures that appeared with lower intensity than conventional
asphalt [8].

During the charging time of EVs on the wireless pavement, the temperature degree
of the pavement reaches 87 ◦C, which can cause softening and thermal stresses, which
contributes to other forms of damage. Therefore, bitumen should be used with a higher
softening point and viscosity and lower penetration grade. Moreover, if the temperature
can be controlled through different additive and bitumen modifications [38], it may be
a positive point for the self-healing properties of asphalt mixtures. Otherwise, damage
due to fatigue and rutting might develop [17]. The significant point is that the weight of
EVs can be reduced by increasing the conductivity of asphalt mixtures and improving
the coils’ performance. With this measurement, the intensity of loading and damage will
be decreased.

The geometry of the IPT system is one of the factors that has an impact on the dam-
age performance of the wireless pavement. The connection areas between the CU and
the asphalt experience the weakest performance against damage and the highest stress.
Therefore, by rounding the shoulder of the CU with a radius of 3 to 12 cm, the intensity
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of the stresses on the pavement and damage can be reduced. Moreover, increasing the
thickness of the pavement layer above the IPT pad can also reduce the severity of the
damage [39]. However, increasing the thickness or the depth of the IPT pad can reduce the
power transfer performance [40].

Dielectric properties of materials are one of the factors affecting the energy loss of
wireless pavements. In other words, the presence of materials with high dielectric properties
reduces power transfer in pavements. Table 1 shows the dielectric characteristic (rε) of
different materials.

Table 1. Dielectric characteristics of different materials [41].

Materials rε

Air 1
Water 81
Snow 6–12

Ice 4
Sand 2–6, 10–30 (wet)
Clay 2–6 (dry), 5–40 (wet)

Limestone 7 (dry), 8 (wet)
Granite 5 (dry), 7 (wet)
Asphalt 2–4 (day), 6–12 (wet)
Concrete 4–10 (day), 10–20 (wet)

As can be seen in Table 1, asphalt pavements have a lower dielectric index than
concrete pavements. In other words, by implementing the asphalt pavement, more power
can be transferred from the IPT pad to EVs. Among the present materials in Table 1,
water has the worst dielectric performance, and in the case of moisture penetration to the
pavement texture, the power transfer via the IPT pad encounters several problems [35].
Despite the lower index of asphalt mixtures than concrete, when these pavements are
exposed to moisture, they experience a more noticeable decline than concrete pavement [17].
Therefore, it is better to improve the performance of asphalt pavements against moisture
damage by using an ant strip additive.

7. Modification of Wireless Pavement Properties to Increase Performance
and Conductivity

It is true that things like the deviation between the primary and secondary pads and
the lateral movement of vehicles while driving reduce the performance of the IPT system,
and by deforming the coils, part of this energy loss can be reduced, but by modifying the
properties of asphalt and concrete mixtures, the efficiency of these systems can be improved
by creating an electromagnetic conduction zone in the pavement. Various studies have been
performed to improve the induction and performance properties of asphalt and concrete
mixtures, which have tried to improve the performance of pavements against various
failures by modifying the properties of bitumen, concrete, and aggregates in mixtures [42]
while increasing the electrical conductivity [43]. Table 2 shows some of the additives used.

As can be seen from Table 2, these materials have mainly metallic properties and their
use causes rheological changes in the properties of bitumen or changes in the characteristics
of used aggregates. These changes increase the bitumen cohesion and the adhesion of
bitumen (concrete) and aggregates and greatly reduce separation. In addition, due to the
conductivity of these materials, they can also act as an electromagnetic field in pavements
with IPT pads. But in addition to all these advantages, one should also pay attention to
the rusting properties of these materials during freeze–thaw cycles and try to use metal
additives in small or nano sizes so that they do not corrode, especially in high freeze–thaw
cycles, as shown in Figure 10.
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Figure 10. Corrosion of asphalt texture as a result of steel fiber additive [44].

Table 2. Additives used to modify inductive pavements.

Material Optimal (%) Test Device Improvement (%) Modification with Reference

Steel wool fiber 6 ITS
Electrical resistivity 15.13 Bitumen [45]

Electric arc furnace 8 ITS, ITSM 69 Aggregate [46]

Steel slag/steel
fiber 6

Cantabro
Semi-circle bending

fracture
Thermal constants

57 Aggregate
Bitumen [47]

Electric arc furnace 3 ITS 50 Aggregate [48]

Steel wool fiber N/A Electromagnetic Induction
heating 66 Bitumen [49]

Metallic waste 4
Electrical resistivity

X-ray
Thermo physical

� Bitumen [50]

Metallic fiber 1.5 ITS, ITSM × Bitumen [44]

Waste steel
shavings 10 Induction heating

Electrical resistivity � Aggregate [51]

Ferrite powder 0.5 ITS
Electrical resistivity 17 Limestone filler [52]

Steel wool fiber 4 Crack-healing
X-ray � Bitumen [53]

Steel fiber 10 Ice-melting � N/A [54]

Steel fibers and
steel wool 10 ITS

Electrical resistivity 19 Bitumen [55]

Steel fibers 6 Induction heating
Thermo physical � Bitumen [56]

Waste steel
shavings 8 Heating power � Bitumen [57]

Steel wool fiber 2 Cantabro
fatigue test � Aggregate [58]
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Table 2. Cont.

Material Optimal (%) Test Device Improvement (%) Modification with Reference

Electric arc furnace
Steel slag

and copper
N/A

Rutting
Creep

ITS
47 Aggregate [59]

Steel fiber 6 Semi-circular bending
Induction heating � Bitumen [60]

Steel wool fiber 1.5 ITS 25 Bitumen [61]

Micron-scale steel
fiber with

carbon fiber
0.2 ITS

Dynamic modulus 29 Bitumen [62]

Steel fiber N/A
Wheel tracking

ITS
Pull out

� Bitumen [63]

Steel slag N/A
ITS

ITSM
Electrical resistivity

34 Aggregate [64]

�: The additive materials improve the characteristics of the asphalt mixture, ×: The additive materials have a
negative effect.

According to other similar studies, the addition of ferrite materials to concrete mix-
tures improves specimens by 50% against energy loss [65], and replacing ferrite materials
with some aggregates can be suggested as a suitable solution to increase efficiency and
conductivity [66]. Other studies have examined the effect of metal materials on the per-
formance of pavements and have concluded that the addition of stainless steel wool and
stainless steel fibers can reduce energy losses by up to 50% and improve the performance
of pavements [8]. Also, if 1 to 20% of the weight of concrete is replaced with iron and mag-
netite powders, the pavement efficiency can be improved by up to 86% [67]. In addition,
the type of aggregate is one of the influential parameters. Because limestone aggregates
have more magnetic properties than basalt aggregates, and if the mixture is more compact,
then more power can be transferred [32].

Although many researchers have suggested the construction of charging units in boxes
with concrete materials [68], others believe that the creation of an asphalt pavement layer
on concrete boxes causes a discontinuity between the materials [69–71]. Therefore, it is
suggested that in concrete pavements, IPT pads be placed in the concrete layer, and in
asphalt pavements, IPT pads be placed in the asphalt mixture to increase the cohesion and
adhesion between different materials. In addition, Chen et al. proposed a method whereby
if reinforced pavements such as ultra-thin white-topping pavements as represented in
Figure 11 are used for the top layer of IPT pads, the weakness of pavements in energy
transfer can be reduced by up to 75%, and in places that are close to the rebars, up to 85%
improvement of pavement performance can be observed [72]. In another study, to improve
the discontinuity between the IPT pad and its top layer, various materials such as Portland
cement, polypropylene (PP), acrylonitrile butadiene styrene (ABS), XPS: polystyrene foam,
stretch film, and ferrite were proposed to cover the coils [73]. The results of studies showed
that cementitious materials have the highest electrical losses and have negative effects on
coils. Among the materials, ABS and PP resins performed best in energy transfer.

In another study, investigators proposed a multilayer asphalt pavement system based
on Figure 12, which is mostly comprised of three subsystems from top to bottom [65]: the
upper part is constructed with electrically conductive layers with waste steel shavings,
the middle part is an asphalt mixture layer with the pre-embedded induction coil, and
the lower part is constructed with magnetically absorbing layers with waste ferrites for
replacing the conventional waterproof adhesive layer. Based on Figure 13, the role of the
lower part was maintaining the electromagnetic power and transferring it to the upper one.
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Figure 11. Ultra-thin white-topping method [73].

Figure 12. Structural sketch of multilayer asphalt pavements [39].

Figure 13. Magnetically absorbing principle of magnetically absorbing layer [39].

The upper layer was made with four various contents of waste steel shavings (2 to
8% by the weight of aggregates) and applied as an inductive agent in asphalts. Moreover,
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styrene butadiene styrene (SBS) and limestone powder were applied for the modification
of bitumen properties to enhance the stability of the multilayer asphalt pavement structure.
The result showed that the asphalt magnetically absorbing layers could meet the require-
ments of conventional waterproof adhesive layers. It was also concluded that 6% was the
optimum amount of waste steel shavings. Also, the electrically conductive asphalt layer
operated as the magnetic field receiving layer to achieve self-healing and deicing, and snow
melting [39]. Based on previous research, nanocomposite bitumens could be applied to
enhance the resistance of asphalt mixtures to moisture. These materials contain various
types of nano-metal or nano-polymer composites that can simultaneously improve the
performance and electrical conductivity of the mixtures.

Most studies investigated the modification of pavement with various additives as a
suitable solution to improve the inductive and performance properties. However, in an
innovative study, researchers suggested that a partial part of the asphalt in which the IPT
pad was embedded be modified with magnetic additive (as shown in Figure 14), and other
parts should remain as unmodified asphalt. This design principle creates a pathway that
can better connect magnetic fields and guide magnetic flux between receiver coils and
transmitter. The enhancement of wireless power transfer was also indicated for charging
EVs from the partially magnetized pavement layer over the conventional pavement layer.
If the embedment depth transmitter coil is 0.1 m, the wireless charging performance could
be increased by 1.5% from 70% to 71.5%. However, once the thickness of the partially
magnetized layer is increased to 0.4 m, the improvement rate is remarkably enhanced from
26.6 to 39.9% (by 13.3%) [8].

Figure 14. Design concept of partially magnetized pavement layer [8].

8. Simulation and Comparative Analysis of IPT Pad Performance

This section presents an exploration of simulation results concerning the performance
of IPT pads within wireless pavement systems. Building upon empirical investigations
and comparisons of experimental outcomes, this extension delves into simulation-based
insights to comprehensively understand the IPT pad behavior.

Advanced electromagnetic simulation tools were employed to comprehensively assess
the IPT pad performance. These simulations modeled the intricate electromagnetic interactions
within the pavement structure and IPT pad configuration. Variables encompassed geometric
parameters, material properties, and operational conditions for nuanced examination.

Various researchers have studied a collective perspective on IPT pad performance
within wireless pavement systems. Sun et al. proposed a framework for magnetically
coupled resonant wireless power transmission systems integrated within pavements. Their
work highlighted the significance of resonance phenomena and optimized geometries
in influencing power transfer efficiency [74]. Amirpour et al. conducted a coupled
electromagnetic–thermal analysis of inductive power transfer pads within pavements.
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Their research emphasized the interplay between electromagnetic efficiency and thermal
effects, contributing to a comprehensive understanding of pad behavior [30]. Aghcheghloo
et al. explored the influence of an emulator inductive power transfer pad on asphalt pave-
ment temperature. Their investigation shed light on the role of emulators in simulating
real-world scenarios and the resulting thermal implications [75]. Li et al. proposed a
wireless power transfer-tuning model using pavement materials as transmission media.
Their innovative approach investigated the potential of pavement materials to enhance
power transfer efficiency [76]. Guo and Wang introduced a novel design of a partially
magnetized pavement for wireless power transfer. Their work showcased the potential for
improved efficiency and cost savings [8].

Integration of simulation-based insights alongside experimental results enriches the
understanding of IPT pad performance. These outcomes provide a comprehensive perspec-
tive on IPT pad behavior within wireless pavement systems. By amalgamating simulation
and experimental insights, contribution to wireless pavement system optimization and
refinement is advanced. Figure 15 presents a comparative analysis of electrical conductivity
across various simulation studies. The discernible outcome underscores the substantial
influence of reinforcing the pavement materials above the Inductive Power Transfer (IPT)
pad in augmenting the electrical conductivity of wireless road systems. Investigations
conducted with the specific aim of enhancing this aspect [8,76] have demonstrated supe-
rior electrical conductivity when contrasted with research that primarily addresses the
geometric characteristics of IPT pads [30,74].

 

Figure 15. Comparison of simulation results in various studies [8,30,36,74].

9. Effect of Environmental Conditions on the Performance of IPT Pad

The impact of environmental conditions, such as rain and snow, on the performance
of IPT systems within the context of wireless pavement charging for EVs, is a crucial aspect
warranting thorough investigation. Rain and snow, being common weather conditions
encountered in various geographic regions, can potentially influence the charging efficiency
and stability of IPT pads integrated into road pavements.

Rainfall on road surfaces introduces moisture, which may affect the dielectric proper-
ties of the pavement material and impact the electromagnetic coupling between the IPT
pads and the EV’s receiving coils [77]. This alteration in electromagnetic characteristics
can lead to reduced power transfer efficiency due to increased losses and impedance mis-
matches. The presence of water on the road surface may also impact the alignment and
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contact between the charging unit and the EV, affecting the overall system’s performance.
Addressing these challenges entails a comprehensive understanding of the interactions be-
tween water, pavement material, and electromagnetic fields, allowing for the development
of strategies to mitigate efficiency loss during rainy conditions [17,78].

Similarly, snow accumulation on road pavements can pose challenges to the proper
functioning of IPT systems. Snow buildup can alter the geometry of the road surface and
potentially obstruct the alignment between the charging unit and the EV [17]. Additionally,
snow’s insulating properties can lead to further impedance mismatch and reduced power
transfer efficiency [70]. Analyzing the behavior of IPT pads under snow-covered conditions
and developing mechanisms for snow removal or adaptation will be instrumental in
ensuring the sustained functionality of the wireless pavement charging system in snowy
environments [33,76].

Understanding the influence of these environmental conditions on IPT pad perfor-
mance is essential to developing a robust and reliable wireless pavement system that
remains operational under various weather scenarios. By delving into these effects, we can
tailor system designs, materials, and operational strategies to ensure optimal performance,
thereby enhancing the overall viability and effectiveness of IPT-based wireless charging
solutions for electric vehicles.

10. Discussion

The comprehensive analysis of simulation results provides valuable insights into the
design, integration, and optimization of IPT pads in pavements for wireless charging of
electric vehicles. Each finding holds significant implications for the development of sustain-
able and effective charging infrastructure. We have discussed the results in detail and their
potential impact on the future of wireless power transfer systems and pavement design.

The geometry of the charging unit emerged as a critical factor influencing tension and
damage in the pavement. Creating fillet-shaped shoulders with a radius of 3 to 12 cm was
found to be an effective strategy to reduce tension and mitigate any potential damage. This
highlights the importance of optimizing IPT pad design to ensure minimal adverse effects
on pavement integrity and longevity. Further research in this area could explore alternative
geometrical configurations to identify the most pavement-friendly charging unit design.

The close application of primary pads within the pavement resulted in the expansion
of cracks on the pavement surface. To address this issue, we propose increasing the number
of receiving coils under electric vehicles, which significantly enhances charging efficiency
by 96 to 100%. This finding underscores the need for precise coil placement and distribution
to ensure reliable power transfer while minimizing pavement damage. Future studies could
focus on dynamic coil reconfiguration strategies to further improve charging efficiency and
reduce potential pavement impacts [79].

Furthermore, the presence of an aluminum plate under IPT pads was found to cause
fatigue damage in pavements. To improve pavement induction capability and reduce
fatigue damage, we recommend substituting aluminum plates with modified asphalt
mixtures containing metal and magnetic additives. This finding highlights the potential
of advanced materials to enhance pavement performance under the influence of charging
infrastructure. Further research could explore the durability and performance of these
modified asphalt mixtures under various loading and environmental conditions.

To address reflective crack formation, we suggest increasing the thickness of the upper
layer of IPT pads and modifying aggregate and bitumen with suitable additives. This
approach reduces the intensity of reflective cracks and improves the long-term performance
of pavements. The importance of pavement composition and construction in preventing
reflective cracking is evident, and further investigations could explore innovative materials
and construction techniques to mitigate this type of pavement damage [80,81].

Proper integration and alignment of charging infrastructure with the underlying
pavement structure is essential to prevent longitudinal strains and pavement deformation.
Embedding IPT pads within a case similar to the upper layer is recommended. In concrete
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pavements, IPT pads should be embedded within the concrete layer, while in asphalt
pavements, IPT pads should be embedded within the asphalt layers. This finding high-
lights the significance of optimal charging unit integration to maintain pavement integrity
and durability. Future research could explore dynamic behavior under the presence of
embedded charging units to optimize pavement design and performance.

Lastly, the study’s suggestion to modify asphalt mixtures with metal additives or
nanocomposites based on SBS bitumen opens possibilities for enhancing the self-healing
ability and inductivity of pavements. These modifications improve pavement performance
against various types of damage such as fatigue, rutting, and moisture susceptibility.
Further investigations could delve into the precise mechanisms and long-term behavior of
these modified asphalt mixtures to optimize their composition and performance [82–84].
Also, various statistical analyses, machine learning, and optimization methods can be
applied for further investigation [85–98].

This comprehensive discussion of simulation results offers valuable insights into the
design, integration, and optimization of IPT pads in pavements for wireless charging of
electric vehicles. The findings underscore the importance of thoughtful charging unit
design, precise coil placement, and pavement materials to achieve efficient power transfer
while minimizing pavement damage. The implications of this research have significant
relevance for the development of sustainable and effective wireless charging infrastructure,
promoting the growth of electric vehicles in the future.

11. Conclusions

Our study focused on investigating the impact of inductive power transfer (IPT)
pads on pavement inductivity, conductivity, and durability. Through the exploration of
various wireless power transfer systems, IPT pads emerged as a safe and efficient charging
solution due to their geometry-sensitive power transfer efficiency. Our investigation
revealed several key insights into the effects of IPT pads on pavements. Optimizing the
geometry of charging units, particularly by implementing filleted shoulders, mitigated
tension and damage in pavements. We also found that embedding more receiving coils
under electric vehicles improved charging efficiency and reduced pavement cracks, while
modified asphalt mixtures with additives enhanced induction capability and reduced
fatigue damage. Furthermore, we underscored the significance of modifying asphalt
mixtures with metal additives and nanocomposites based on SBS bitumen to improve
pavement performance against various forms of damage. The integration of IPT pads
with pavements offers a sustainable charging infrastructure for electric vehicles. However,
challenges and considerations remain for its widespread adoption:

1. Scalability and Infrastructure: The scalability of the system to accommodate a growing
number of EVs is crucial. A robust and scalable WPS infrastructure is necessary for
simultaneous and efficient charging in urban and rural areas.

2. Standardization and Interoperability: Establishing industry-wide guidelines and protocols
is essential to ensure compatibility between different EVs and WPS implementations.

3. Environmental Impact: A comprehensive life cycle assessment is needed to evaluate
and minimize the ecological footprint of IPT technology.

4. Integration with Smart Grids: Integrating IPT with smart grids can optimize energy
management, contribute to grid stability, and support renewable energy integration.

5. Cost-effectiveness: Research efforts should focus on developing cost-efficient materi-
als, processes, and installation techniques to make the technology economically viable.

6. Public Awareness: Collaborative efforts involving stakeholders and the public are
essential to promote the adoption of IPT technology.

In summary, our study sheds light on the potential of IPT pads to revolutionize EV
charging infrastructure. While challenges exist, addressing them will pave the way for a
sustainable and efficient transportation future.

Looking ahead, the integration of IPT into pavements heralds a revolutionary shift in
EV charging and urban infrastructure. Autonomous fleets, dynamic charging, grid synergy,
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and urban planning integration present a horizon of possibilities. By fostering innovation,
collaboration, and sustainable practices, IPT-equipped pavements hold the promise of
shaping a greener, smarter, and more efficient transportation landscape.
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Abstract: Electric cars (EVs) are getting more and more popular across the globe. While comparing
traditional utility grid-based EV charging, photovoltaic (PV) powered EV charging may significantly
lessen carbon footprints. However, there are not enough charging stations, which limits the global
adoption of EVs. More public places are adding EV charging stations as EV use increases. However,
using the current utility grid, which is powered by the fossil fuel basing generating system, to charge
EVs has an impact on the distribution system and could not be ecologically beneficial. The current
electric vehicle (EV) market, technical requirements including recent studies on various topologies of
electric vehicle/photovoltaic systems, charging infrastructure as well as control strategies for Power
management of electric vehicle/photovoltaic system., and grid implications including electric vehicle
and Plug-in hybrid electric vehicles charging systems, are all examined in depth in this paper. The
report gives overview of present EV situation as well as a thorough analysis of significant global
EV charging and grid connectivity standards. Finally, the challenges and suggestions for future
expansion of the infrastructure of EV charging, grid integration, are evaluated and summarized. It has
been determined that PV-grid charging has the ability to create a profit. However, due to the limited
capacity of the PV as well as the batteries, the Power system may not be cost effective. Furthermore,
since PV is intermittent, it is probable that it will not be able to generate enough electricity to meet
consumer demand.

Keywords: EV charging; photovoltaic systems; grid connectivity; standards

1. Introduction

The electrical power and transportation networks are beginning to integrate in a way
that was before imaginable thanks to the EV’s environmental, technical, and economic
potential [1]. The main link between the two is the batteries, which power its EV’s traction,
control, lights, and air conditioning system. Charging the EV from the power grid, however,
places additional load on the utility, especially during high demand hours. Prompting
the charge of renewable energy sources is one method to mitigate the grid’s negative
impact [2]. The use of these clean energy sources is meant to reduce negative environmental
consequences while also increasing the overall efficacy of the charging system [3].

Solar energy is becoming widely accepted as a competitive energy source of supple-
menting the grid due to the ongoing decline in photovoltaic (PV) module prices [4]. In
addition, the PV system requires very low maintenance in terms of labor & fuel [5]. The
development of energy converting technology, battery management systems, improved
installation methods, & design standards have all helped to significantly improve the
application for PV to charge EVs (i.e., PVEV charge) [6].
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A lot of the time, especially during the day, EV is left lazily sitting in the parking place,
exposing to the full sun. It facilitates the expansion of charging options for EVs by making
direct use of the “charging-while-parking” concept, it is meant to work in tandem with the
standard “charging by halting” method. Installing a photovoltaic system on the parking
garage’s roof is one easy option for recharging these electric vehicles [7], while the owner of
the vehicle is engaged in other activities [8]. The PV powered charging station offers a wide
range of advantages, according to the authors in. The savings are particularly significant
because charging takes place during the day, while load demand & electricity prices are
their highest. Additionally, it has very low CO2 emissions and small amount of fuel costs.
This roof parking facilities are advantageous structural because they offer free shelter from
sun & rain, which is important for countries with hot climatic conditions [9].

A PV-power, EV charge station uses PV generation as a secondary power point to
recharge EVs, which will cut down on co-emission through fossil fuel-powered plants. In
additional words, while the grid is down, EVs may still be charged using PV energy. In
addition to reducing peak loads and improving microgrid stability via PV production and
V2G, these technologies may also be used to reduce peak loads [10]. However, because
to their mobility features, EVs are not the same as an energy storage system. Even if
enough EVs are present at the charging station, an V2G may not occur, so would reduce
peak power consumption or improve microgrid stability. Even though PV-powered EV
charging stations have the potential to increase microgrid stability, there are a number of
considerations that must be made [11,12].

The layout of a solar-powered EV charging station is shown in Figure 1. Solar panels,
DC/DC converters, EVs, bidirectional EV chargers, as well as bidirectional inverters are the
main components of a PV-powered EV charging station. Through a bidirectional inverter,
the charging station is connected to the microgrid. The bidirectional inverter allows
electricity from the grid to be delivered to the charging station [13,14]. Both bidirectional
inverter as well as the microgrid have parallel connections to the local load. The solar
array’s output may either be utilised to directly serve local customers or added to the
utility grid. As a means of monitoring the highest power point of a photovoltaic array, a
direct current to direct current (DC/DC) converter is used (MPPT) [15]. The charging and
discharging of electric cars are both within the jurisdiction of the bidirectional EV charger.
To link EVs to a microgrid, a bidirectional inverter as well as reversible EV charging are
required [16].

Local load

GridBidirectional 
inverterDC/DC Converter

Bidirectional EV charger

PV array

EV 1

EV 2

EV 3

Figure 1. Structure of the investigated PV-powered EV charging station [17].

There are some review papers regarding EVs. Table 1, presents a brief review of some
of the existing works along with the most important aspects that investigated in the articles
under 7 domains including EV market review and analysis, technical requirements, EV
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charging infrastructure, grid concepts, overview of the current state of EV and analysis on
important global standards, presenting future challenges and suggestions for the develop-
ment of charging infrastructure, and EV-PV charging system. As it can be seen in the table,
most of the mentioned papers are not considered EV-PV stations except Ref. [18] which it is
not considered EV’s market, and standards.

Table 1. A brief review on some of the related existing review papers carried out on electric vehicle.

Domain
Ref [19]
Year 2022
Publisher Elsevier

Ref [20]
Year 2021
Publisher Elsevier

Ref [21]
Year 2022
Publisher Wiley

Ref [22]
Year 2021
Publisher IEEE

Ref [18]
Year 2022
Publisher IJRER

EV Market
review and
analysis

Technical
characteristics of 17
EVs are compared.
Also, a
comprehensive
analysis is carried
done regarding the
countries using EVs
as well as
introducing the most
popular EVs.

The overall view of
cost and characteristics
of 10 EVs are
compared. Also, the
number of EVs in
some countries are
reported as well as the
trend of banning of
using internal
combustion cars

The number of EVs
used in some
countries and their
market’s share are
shown from 2015
to 2019

There is no
analysis regarding
EV’s market, while
in a table a
comparison about
the technical
characteristics of
4 EVs models
is done

There is no
analysis
regarding EV’s
market

Technical
requirements

Investigations of
3 charging
techniques
considering
5 aspects and the
optimum site of
charging stations are
presented.
Analysis of
controlling
infrastructures
including the
controlling
architecture,
centralized and
decentralized
controlling are
presented.

Investigation of fast
charging system (DC)
considering converters
and their instructions
is done as well as a
comprehensive
analysis on different
converters.

13 articles are
listed regarding
the charge
standards. Also,
different aspects of
controlling
including
harmonics and
disharmonic,
methods and
architecture of
charging controls.
Discussion
regarding the
integrating of
distribution
sources with
distribution
network is the in
the highlights of
the study.

Improvement of
off -board charger
(EVs with IPT) and
its infrastructure
are investigated,
since it addresses
the need of a
specific protocol
for each EV.

Application of
passive balancer
for energy
management of
EVs considering
various EVs and
charge stations
are investigated
to analyse the
output power of
PVs. Also,
considering:
architecture of
EV-PV, topology
of converters,
and
5 optimization
methods
regarding the
improvement of
the system

EV Charging
infrastructure

Charging methods
including BSS, CC,
and WPT are
discussed along with
a comprehensive
investigation of
various conectors’
protocols

On-off board charging
systems are discussed
along with a
comprehensive
analysis is carried
done on converters as
well as cost of
charging stations in
some countries

Charging
infrastructures are
discussed

Description of the
topology of
AC/DC and
DC/DC converters.
Power factor
corrector, two
stage onboard
chargers and
integrated onboard
chargers are
discussed.

Charge levels
and their
different moods
along with
vehicle coil
detection system
are presented
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Table 1. Cont.

Domain
Ref [19]
Year 2022
Publisher Elsevier

Ref [20]
Year 2021
Publisher Elsevier

Ref [21]
Year 2022
Publisher Wiley

Ref [22]
Year 2021
Publisher IEEE

Ref [18]
Year 2022
Publisher IJRER

Grid concepts

Investigation of the
positive and
negative effects of
integration of EVs
with grid along with
the role of
distributors and
aggregators on EVGI

An overall description
of grid concepts along
with the investigation
of converter’s
topologies

Investigation of
integration of
distributed energy
resources with grid
considering DER
standards and the
role of data
analysis on DER

A comprehensive
description of the
effect of charging
stations on the grid
considering RES,
grid stability,
demand-supply,
assets, and current
harmonics

Description of
intelligent grid
system along
with V2G
technology and
intelligent
transportation
system

Overview of
the current
state of EV and
analysis on
important
global
standards

25 different
standards based on
the standards’ kind
including connector,
safety, charging
teqniques are
presented. Also,
presenting the
specific standard
using by different
manufactures

A comprehensive
presentation of patents
and projects of EV
manufactures. Also, a
comprehensive study
is carried out on the
charging stations
standards

Investigation of
9 standards
implemented in
some countries

Charger standards
are discussed

There is no
description
regarding
standards

Presenting
future
challenges and
suggestions for
the
development
of charging
infrastructure

Discussing the
challenges regarding
the integrating of
grid, V2G
technology, and
range anxiety.
Presenting the
challenges and
suggestions
regarding the
integration of grid.

Application of SiC and
GaN in converters
creates research rooms
for fast charging and
discharging

DR is considered
as a challenge and
the solutions are
discussed.
Challenges and
barriers of EV
adoption from
different aspects
including social,
policy, and
economy are
discussed.

Introducing 7 cases
that researchers
focus on as
challenges, such as
V2G technology off
board charging

Introducing of
the different
criteria on the
charging time as
a challenge

EV-PV
charging
system

There is no
description
regarding EV-PV

There is no description
regarding EV-PV

There is no
description
regarding EV-PV

There is no
description
regarding EV-PV

A comprehensive
study on EV-PV
stations along
with their
architectures

Considering more aspects of the research regarding EVs would cause to have a com-
prehensive source for readers. In this review paper, for the first time, all of the mentioned
domains in Table 1 are systematically discussed to have an overview regarding other
important related factors of EV-PV stations. The contributions of the present work are
as follows:

• Electric Vehicle and Plug-in hybrid electric vehicles Charging Systems: global deploy-
ment of electric vehicle charging infrastructure, charging systems and their standard-
ization, classification of electric vehicles charging levels, specifications, and standards,
standards for electric vehicle charging as well as grid integration, electric vehicle charg-
ing standards, electric vehicle grid integration standards, safety standards for electric
vehicle, electric vehicle integration in the power grid, modelling of grid-connected
electric vehicle-photovoltaic system, electric vehicle smart charging using photovoltaic
and grid
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• Control Strategies for Power Management of Electric Vehicle/Photovoltaic System:
intelligent energy management strategy, energy management strategy for smart home
integrated with electric vehicle, and photovoltaic, control strategy for power elec-
tronic components

• Recent Studies on Various Topologies of Electric Vehicle/Photovoltaic Systems
• Challenges and Future Work Recommendations: modelling, optimization and control,

issue on the integration with smart grid system, challenges and suggestions for electric
vehicle charging

Figure 2 shows a flow diagram to see how the bibliometric review and research method
and other parts of the current study is carried out.

Figure 2. Detailed research method.

2. Electric Vehicle and Plug-in Hybrid Electric Vehicles Charging Systems

2.1. Global Deployment of Electric Vehicle Charging Infrastructure

To that end, the federal government of the United States has mandated that one million
electric vehicles be in use by the year 2015, as well as numerous regulations have been put
into place to encourage electrification of all spheres of public life. According to the Ontario
Ministry of Transportation, using money of its Green Investment Fund, the Canadian
state of Ontario plans to construct 500 EV charging stations (EVCSs) in around 250 places
throughout the province by the end of 2017. It is estimated that by 2020, Germany will need
around 70,000 public on-street charging spaces, according to the country’s National Electric
Mobility Platform (NPE) [23]. As a solution to the problems caused by China’s current
approaches to exploiting renewable energy and to keeping up with the ever-increasing
energy needs of electric cars, the concept of placing a limited number to solar-powered
charging stations to EVs is presented [24]. In May of 2017, the United States, Canada,
France, Germany, Japan, the Netherlands, Norway, Sweden, and the United Kingdom
formed the Electric Vehicles Initiative (EVI), a multi-govt policy forum with the goal of
promoting the global adoption of EVs. South Africa, which joined the EVI in 2016 but
remains a member, is actively involved in EVI operations, as do Korea and India [25]. The
Indian government as well as major automakers have joined forces to promote e-vehicles
as well as other clean fuel options in an effort to lower transportation-related pollution.
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Thus, plan (NEMMP) 2020 for the nation’s EV mission was initially suggested in 2013, and
the following year it was signed into law. Faster Adoption and Manufacturing of (Hybrid
&) Electric Vehicles (FAME) is another initiative in this space. The year 2015 also saw the
announcement of India’s intention to push the use of electric vehicles, and the India Scheme
is introduced to support that effort [26]. It subsidises both utilities and their customers. The
absence of charging outlets is now the biggest problem with India’s infrastructure. There
are still not a lot of places to charge your car around the country. Ninety-five percent of the
world’s electric vehicle stock and registrations are held by EVI members [27].

2.2. Charging Systems and Their Standardization

The classification of EVs charging levels, specifications, and standards, as well as in the
next section, we will talk about controls strategies for EV/PV system power management.
Finally, a review of the issues and the prospects for the future is provided, with an emphasis
on the energy management system.

Electric Vehicle Charging Standards

Full EVs enable total electrification of the transportation industry, in contrast, Electric
Vehicle and Plug-in hybrid electric vehicles (PHEVs) are just partially electrified auto-
mobiles [28]. Various charging states are shown in Figure 3. In addition to high-power
off-board chargers, Plug-in electric vehicles may also be charged continuously at any time
of day or night using on-board level 1 or level 2 chargers (PEVs). An on-board integrated
charge that can rapidly charge PEVs may combine the best features of conventional on-
board and off-board chargers. Different charging levels had been defined by various
organization throughout the globe, with an emphasis on the architecture of the vehicle
and the kind and size of the battery utilized [29]. As a result, each car charges differently
and behaves differently when charging. Therefore, the PV-EV charger must be designed in
accordance with the aforementioned specifications.

0

100

200

300

400

500

600

700
Charging levels and their standardsMax voltage rating (Volt)

Max ampere rating (Amp)
Max power rating (kW)

Figure 3. Graphical comparison of different charging levels and related standards [7].

2.3. Classification of Electric Vehicles Charging Levels, Specifications, and Standards

Conductive charging, wireless (or contactless) charging, and battery swapping are
the three ways to refill an electric vehicle as classified in Figure 4. The most common
and easiest way to charge anything nowadays is via conductivity [30,31]. In conductivity
charging, the power source and battery are connected by a cable, whereas in wireless
charging (WC), they are not. As opposed to conductive charging, WCs and battery shifting
are currently under investigation and development [32,33]. The sections that follow will
give further information on these technologies. Figure 4 provides a categorization of several
charging methods.
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Charging technologies

Battery swapping Wireless chargingConductive charging

CapacitiveInductive
Resonant
Inductive

Level 3Level 2Level 1

DynamicStatic

208-600 V (AC or DC) 
50 KW ,100 KW

 3 Phase
Off- board

EVSE
Charging station

240 V (US) , 400 (EU)
4 KW , 8 KW , 19.2 KW

1 Phase or 3 Phase
On- board

EVSE
Private or Public

120 V (US)  , 230 V (EU)
1.4 KW , 1.9 KW

1 Phase 
On- board
Wall outlet

Home or Work

Figure 4. Classification of EVs charging technologies based on conductive charging, wireless charging,
and battery swapping [34].

2.3.1. Conductive Charging

EV battery charger play crucial role for development of EVs since the adoption &
societal acceptability of EVs is contingent on the ease of access of charging stations and
public chargers. Various topologies of single phase & three phase EV charger are dis-
cussed [35]. A power factor adjustment unit, a DC-DC converter, and an AC-DC converter
are the three components that make up this setup. There are two types of charger systems:
on-board (inside the car, for slow charging) as well as off-board (outside the vehicle, for
quick charging) (i.e., outside vehicle for fast charging) [36]. In addition, these chargers may
be categorized as unidirectional or bidirectional. The gear for unidirectional charging is
basic and merely permits electricity to flow from the grid to the electric vehicle. Bidirec-
tional charging permits power to be transferred from the vehicle’s charging station to the
battery while driving on a public road; also known as “charging” to provide energy to a
structure, the grid, or a home [37]. Potentially alleviating some of the stress experienced by
EV owners and lowering the amount of energy storage required for onboarding may be
achieved via the availability and development the EV charging infrastructure. The Society
of Automotive Engineers (SAE) has established three different charging thresholds in its
standard J1772 [38]. Level 1 and 2 chargers will be the norm for residential use, level 3
will be used by public charging stations, as reported by Electric Power Research Institute
(EPRI) [38].

Level 1 Charging

Due to lack of extra infrastructure and the ability to use any wall outlet, this method
of charging is both the slowest and easiest. For Level 1, a typical 120 V/15 A wall outlet
is utilized in the US. Only by on-board charger is offered. This EV takes a time to charge
completely, although being less expensive than other charging levels. This charging level
has the least negative effects on distributing networks because of its low power rating [39].

Level 2 Charging

Level 2 charging utilizes 19.2 kW of charging power and 208 V or 240 V at currents
up to 80 A. Because Level 2 requires less time to charge than Level 1, EV owners prefer it.
For both private and public charging, specific electric vehicle supply equipment (EVSE)
installation may be necessary. Electric vehicles like the Nissan Leaf have this much charging
capacity built in [40].
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Level 3 Charging

Level 3 is used for quick charging & functions like typical gas station (i.e., less than
an hour of charging time) that may be put on major roads and highways. Due to the high
charging power, which may surpass 100 kW it is only accessible as an off-board charger and
is fed from a 3-phasing circuit with 480 V or greater voltages. It was obvious that level 3
charging is inappropriate for use at home. Its expensive installation raises the possibility of
a problem [41]. Level 2 as well as Level 3 charging stations are expected to be widely used
in public places including shopping centers, garages, restaurants, hotels, movie theatres,
and other entertainment venues to facilitate rapid charging. Expensive charging power is
advantageous to the perspective of charging time, but it may also result in peak demand,
equipment overloaded on distributing network, and of high installation costs [42,43].

2.3.2. Wireless Charging

With WC, electric vehicles may be charged without a cord or any other direct physical
contact here between power source and the battery. To reduce the cost, size, and environ-
mental impact of EVs, advances in WC will reduce the amount of energy needed from
the vehicles’ onboard batteries. WC could replace conventional conductive charging in
the future. The possibility exists to charge the batteries in electric busses using WC. It
will function at various voltages (level 1, 2, & 3). 90% is at greatest efficiency for WC ever
noted. WCs utilizes the inductive, resonant inductive, and capacitive technologies [34].
We’ll go through inductive wireless charging (IWC) to give you an understanding of how
the technology works. The AC electricity from the power grid is converted to DC power
via the IWC’s built-in AC/DC converter. It is then transformed once again into AC power
and delivered to the transmitting (or main) coil at a high frequency. These parts are all
located below under the roadway. The receiving (secondary) coil in the EV gets electricity
from the transmitting coil via the air gap using electromagnetic induction [44–46]. After
an AC/DC converter transforms the energy from an incoming power source into a usable
direct current, the battery may be charged. Static inductive charging & dynamic inductive
charging are two categories for WC. EVs must remain stationary while being charged using
static inductive technology. Dynamic inductive charging, however, permits WC while an
EV is in motion [47,48].

Existing WC implementations are geared at facilitating one-way flow of power from
the grid to a vehicle, but developments in this area will enable electric vehicles to wirelessly
withdraw the grid’s energy to provide power. These benefits of this technology are user
ease, cable-free operation, and electrical safety. The disadvantages of this technique are the
poor power transfer efficiency between prices and the expensive infrastructure expenditures
compared to conductive charging [49].

2.3.3. Battery Swapping

BSSs are charging station where empty batteries may be swapped out. A fully charged
battery will soon replace the EV battery. Electric buses with large batteries that require a
long time to charge using conventional conductive charging may employ battery swapping.
The BSS or a third party that rents batteries to EV owners is required to maintain a sizable
inventory for this technology [50]. The BSS is equipped with a distribution transformer,
batteries, battery switching equipment, and AC/DC converters for charging the batteries.
According to certain research, BSS might leverage bidirectional charges to provide electricity
services using a V2G paradigm. Battery uniformity, significant infrastructure costs, and a
huge BSS footprint are obstacles for this technology. A battery switching technology that
can change the battery in 90 s was unveiled by Tesla Company in 2013 [51].

2.4. Standards for Electric Vehicle Charging as Well as Grid Integration

As a result of using EVs, the auto and power sectors have more room to expand. Every
part of this new technology must be standardized if it is to be used consistently over the
world. The standardization of EV charging may be divided into three categories according
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on the Table 2: EV charging component standards, EVGI standards, & safety requirements.
Component-level EV charging standards are developed by the International Organization
for Standardization (ISO) and others, whereas ISO focuses on EV standardization as a
whole [52,53].

Table 2. Classification table of comparison between different type of EVs charging levels, specifica-
tions, and standards.

S.No
Charging

Station
Voltage(V) Power(kW)

Type of Vehicle
(Wheels)

Type of
Compatible Charger

1 Level 1 (AC) 240 ≤35 4, 3, 2 Type 1, Bharat
AC-001

2 Level1 (DC) ≥48 ≤15 4, 3, 2 Bharat DC-001

3 Level 2 (AC) 380–400 ≤22 4, 3, 2
Type 1, Type 2, GB/T,

Bharat
AD-001

4 Level 3 (AC) 200–1000 22 to 4.3 4 Type 2

5 Level 3 (DC) 200–1000 Up to 400 4 Type 2, CHAdeMO,
CCS1, CCS2

The requirements for EV discharging and charging into the grid have been specified.
Electric vehicles serve as a DEV during grid charging as well as discharge (DER). As
a result, DERs’ grid connectivity regulations also apply to EVGI. The IEEE (Institute
of Electrical and Electronics Engineers Engineers) as well as Underwriters Laboratories
(UL) are two of the most influential organizations in the development of standards for
grid connection [54]. The majority of the aforementioned organizations have established
its safety requirements for EV charging & grid connectivity. On the other hand, the
National Fire Protection Association (NFPA) and National Electrical Code (NEC) are heavily
concerned with safety [55]. Subsequent sections elaborate on the norms and regulations
established by such groups.

2.5. Electric Vehicle Charging Standards

EV charging infrastructure is included in a few international standards. Whereas IEC
is commonly used in Europe, SAE & IEEE are employed by manufacturers headquartered
in the United States [56]. The CHAdeMO EV charging protocol was developed in Japan.
The Guobiao (GB/T) standard [52] is used in China for both alternating current (AC) and
direct current (DC) charging, IEC standards [53] are identical to those of the GB/T for AC
charging [55]. The Chinese National Committee for ISO as well as IEC developed this
specification. Since the IEC [57] as well as SAE standards [38] for EV charging are the most
widely used, we devote a lot of space to them here. From the specifications alone, it is
evident that IEC61852 and SAE J1772 [38] are almost similar with the exception of certain
language differences. While “level” is used to describe the intensity of an output in SAE,
“mode” is the preferred term in the International Electrotechnical Commission (IEC) [57].

International Electrotechnical Commission standards

The IEC is a British organization that establishes norms for many forms of electrical,
electronic, as well as related technologies.

• IEC61851 [52]. The IEC 61851 outlines the requirements for charging EVs and PHEVs
using on-board and some off equipment utilising 1000 V AC and 1500 V DC supply
voltages.

• IEC 61980 [52]. WPT systems up to 1000 V AC or 1500 V DC are covered under the
IEC 61980 standard. This requirement applies to the WPT system that may be accessed
using local storage facilities [57].

• IEC62196 [58]. IEC62196 specifies the plugs, socket outlets, vehicle connections, as
well as vehicle inlets used for electrically conducting electric cars.

186



Sustainability 2023, 15, 8122

• SAE standards. The SAE is professional organization with headquarters in the United
States that creates standards for engineering organizations in many sectors.

• SAEJ2293 [59]. For use with either an on-board or external power source, check
out SAEJ2293 for detailed specifications. Part one of this standard, J2293-2, covers
the information requirements and network architecture of EV charging, Part One of
the J2293 standard discusses the energy needs and system design in three different
operational scenarios (conductive AC charging, conductive DC charging, as well as
inductive charging) [59].

• SAEJ1772 [38]. The current rating of circuit breakers and the voltage rating of chargers
are both included in SAEJ1772. Both AC and DC are included in the definition of the
standard, and each includes three levels. Almost all modern cars can receive Level 2
AC onboard charging at current that flows of less than 30 A. In terms of DC charging
standards, the SAE DC level provides the fastest possible rate. However, a number
of other elements, like as infrastructure and battery chemistry, have an impact on the
actual charging rate [60].

• SAEJ1773 [38]. This standard outlines the minimal specifications for EV inductively
linked charging systems. Inductive charging systems must be manually linked in
accordance with SAEJ1773, which also specifies the criteria for the software inter-
face [61].

• SAEJ2847 & SAEJ2836 [62]. These two standards, together with SAEJ1772, specify
what electric vehicles and their charging stations must be able to communicate with
one another. SAEJ2836 describes the scenario and provides the testing environment;
SAEJ2847 details the necessary means of communication [62].

• SAEJ2931 [62]. This standard defines the requirements for digital interaction between
electric vehicles, EVSEs, utilities, power utility interfaces, smart meter infrastructure,
and home area networks. To make smart grid recharging of electric vehicles possible, a
communication network must be constructed in accordance with SAEJ2931 standards.

• SAEJ2954 & SAEJ2954 [62] recommended practice (RP). When it comes to wireless
charging, SAEJ2954 only supports level 2 (7.7 kW), while a recently published RP
version claims to support level 3. (11 kW). For electric vehicle producers, the updated
version will serve as a more uniform testing ground as well as infrastructure companies
to evaluate the efficacy and validity of new products. This standard also incorporates
autonomous charging, smooth EV parking, and payment setup [63].

2.6. Electric Vehicle Grid Integration Standards

IEEE1547, UL1741, & NFPA70 [32] are three accessible standards and codes. The
following list of standards and codes highlights their key features.

• IEEE1547 [32] is a set of standards for integrating decentralized energy sources into
centralized electrical grids. Specifically, performance, operation, testing, safety issues,
and maintenance needs for interconnecting DERs are discussed, as well as DER
installation on both secondary and primary network distribution networks with a
PCC aggregate capacity of 10 MVA or less, it is appropriate to all DER technologies [64].

• UL standards [32] UL released a number of standards to address various DER grid
interconnection issues. The criteria of power conversion equipment and related
protective devices as they pertain to DER grid integration are covered in UL 1741 [32],
the most relevant of these standards. Additionally, we adhere to UL62109, UL62109-1,
UL62109-2 [32], as well as UL1741 SA [65].

2.7. Safety Standards for Electric Vehicle

This safety safeguard is a necessary component of grid connectivity and EV charging.
Even though the majority of standardization bodies include safety requirements, NFPA and
NEC place a strong emphasis on safety and security. Below is further information on the
codes that these two organizations have created for EV charging and grid interconnection.
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2.7.1. National Fire Protection Association Requirements

When it comes to educating the public about fire, electrical, and life safety, NFPA
was an early adopter. The EV & its grid integration community has published its NFPA
70 [32] standard, which details wiring and safety procedures for electrical equipment on
the customer side of a PCC [66].

They include:

• Electrical equipment and conductors mounted on or inside or outside of public or
private buildings & other structure.

• Electrical wires that link the installations to an electrical supply as well as other
external conductors & on-site machinery.

• Fiber optic cable.
• Structures utilized by the electric utility but not necessarily a component of power

plant, a substation, or a control room [67].

2.7.2. National Electrical Code Standards

NEC [32] is different supplier of standards that focuses on EV safety measures. Addi-
tionally, it offers the specifications for EV charging hardware.

• NEC 625 [32], “Electric Vehicle Charging as well as Supply Equipment Systems”,
details the norms for EV charging infrastructure that is not part of the vehicle itself.
Installation guidelines for EV charging station hardware are included. This includes
things like conductors, connecting connections, including inductive charging devices,
which are all part of the charging infrastructure connected either to feeder or branch
circuits [68].

• NEC 626 [32]. The area of truck parking spaces is covered by this standard, which
is labeled “Electrified Truck Parking Spaces.” It specifies the requirements for the
electrical apparatus and conductors used to charge trucks that are located outside of
the vehicle. Circuit breakers, grounds, cable diameters, back feed prevention, & other
requirements are among them [69].

2.8. Electric Vehicle Integration in the Power Grid

Until recently, there was only tenuous connection between the transportation & electric
power industries. The widespread electrification of transportation has significantly altered
the established economic strategies of electric utilities [20]. Overall, EVs have given the
electrical grid both considerable problems and advantages.

Impacts of Electric Vehicle Integration on the Grid

EVGI has both positive and negative outcomes. The next subsections and Figure 5
illustrate the specifics.

• Negative Impacts: Electric utilities face a huge difficulty as a result of EVs. According
to Table 3, excessive EV integration into the distribution network may have an effect
on the distribution grid’s stability, power losses, voltage and frequency imbalances,
load profile, and component capacity [70].

• Positive impacts: It’s true that having too many EVs upon that grid might cause issues
with power quality degradation, an increase in peak demand, and challenges with
power regulation, all of these concerns can be managed by adopting modern power
management methods. The benefits of integrating EVs into grid in a strategic manner
are summarised in Table 4 [71].
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Figure 5. The positive and negative impacts of EV grid integration [32].

Table 3. Negative Impacts of EV grid integration along with the corresponding descriptions [32].

Impacts Description

Load demand increase
Up to 1000 TWh of extra loads (a 25% increase from present levels) may be added by EVGI.
If electric vehicle charging is not controlled, the surge in demand during peak times might be a
serious issue for utilities.

Component overloading
Extra-large EVGI values provide an incremental load demand that must be produced and
communicated. The new demands are too much for the components of the current power system,
which might lead to overloading and reduce transformer lifetime.

Phase and voltage unbalance Since EV chargers are single phased, charging a lot of EVs at once might lead to phase imbalance.

Harmonics injection

Harmonics are created during the power conversion process by EV chargers since they are power
electronic equipment as well as, if their penetration is larger, harmonize the grid.
Although the THD level may increase as more chargers are being used, several studies suggest
that it is less than 1% due to EV charging.

Power loss

A significant quantity of actual power is used as EVs become more and more integrated into the
grid, which results in distribution system power loss.
Given that 60% of the cars linked to the distribution system are electric vehicles, During off-peak
times, power loss might increase by as much as 40%.
Coordinated charging may increase the load factor of the electrical system while minimizing
power losses.
Power loss in the grid may be reduced by strategically placing charging stations.

Stability

The power system becomes unstable when electric vehicle loads are added since they are
nonlinear and consume lot of power rapidly.
More electric vehicles on the road makes the power infrastructure more vulnerable to outages
and increases the time it takes to get things back to normal.
EVGI has the potential to improve the stability of the electricity system if properly handled.
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Table 4. Positive Impacts of EV grid integration along with the corresponding descriptions [32].

Power management The use of planned charging and draining may improve power management.
Discharging may be scheduled during peak hours to meet peak load demand.

Power quality
improvement

Controlled EVGI may reduce voltage surges brought on by unchecked DER penetration.
Flickering voltage may be reduced.
When necessary, reactive power may be introduced.
Uncontrolled DER harmonic injection may be minimized.

Regulation

Frequency control using grid frequency deviation regulation.
Achieving voltage regulation via the production or consumption of reactive power.
An equilibrium in power flow is achieved by the use of energy storage.
Absorption of power that ramps up.
An increase in the stability of isolated electric networks.

Renewable energy
support

Using electric vehicles as energy storage might help smooth out the fluctuations in
renewable energy production. Using electric vehicles as a buffer for renewable energy
might reduce emissions and save money.

2.9. Modeling of Grid-Connected Electric Vehicle-Photovoltaic System
2.9.1. Photovoltaic System

In this study, a diode serves as the PV module. As a result, a diode, a current source
with a variable output, as well as a series as well as parallel resistance compensate the PV
cell idea (Rs and Rp). Evidence for the dependability of this paradigm already exists. To
determine the output current (Ipv) ones from a PV system, apply the following [72,73]

IPV = IPh − Isat

(
eq(VPV+IPV Rs)/(NkTPV )

)
−(VPV + IPV Rs)/RP (1)

Isat = K1T3e(−
qVg
kT ) (2)

where K represents the Boltzmann constant, Isat represents the saturation current of the
diode, Ko and K1 represent constants that are dependent on the features of PV cells, in the
PV model, N represents the input impedance of the an diode, q represents an elementary of
an electron, and T represents the temperature at which the PV cells are active [74].

A DC/DC converter completes the virtual photovoltaic system. This part controls
the PV system’s output voltage as well as makes the PV voltage compatible with MVDC
bus voltage so that the PV system can run in maximum power point tracking mode. The
DC/DC converter might be switching to a different mode (DC bus voltage sustaining
mode) in order to maintain a constant MVDC bus voltage, resulting in a reduction in the
quantity of power provided by the PV modules [75].

2.9.2. Electric Vehicle as Well as Energy Storage System Batteries

The SimPowerSystems toolbox of Simulink’s model has been used to simulate these
batteries for both EVs & energy storage system (ESS). One resistance and one variable
voltage source are coupled in series to make up this type. As a result, battery voltage may
be determined by the steps below [8].

Vbat = Ebat − IbatRint (3)

where Rint is the internal resistance of the battery, Ibat is the current through the battery,
and Ebat is the open-circuit voltage, that changes with the state of charge or discharge. To
prevent the battery from being damaged by excessive charging or discharging, one of the
most crucial battery metrics to be monitored is the state-of-charge (SOC) [76]. Inferring it
from following expression:

SOC (%) = SOC (%)− 100
(∫

Ibatdt
Q

)
(4)
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Q = maximum battery capacity.

2.9.3. Direct Current/Direct Current Converters

All of the DC/DC converters’ dynamic behavior has been modeled using average-
value equivalents. These models are often used to investigate lengthy simulation situations
because it may be possible to recreate the converters’ dynamic behavior faithfully. This
DC/DC converter type consists of a voltage source as well as a current source that may
each be adjusted independently [14]. Depending on the converter being utilized, the duty
cycle links the input, output voltages & currents. For a complete rundown of a DC/DC
converters found in the tested systems, see Table 5.

Table 5. Summary of the dc/dc converters found in the tested systems and functions [77].

Component Converter
Energy Flow

(From–To)
Transfer Function

PV Unidirectional-boost (PV–DC bus)–boost MDC = Vα
Vi

= Vi
Vo

= 1
1−DC

EV Unidirectional-buck (DC bus–EV)–buck MDC = Vo
Vi

= Vi
Vo

= DC
1−DC

EV Bidirectional (ESS–DC bus)–boost MDC = Vα
Vi

= Vi
Vo

= 1
1−DC

2.9.4. Grid Connection

The link to the neighboring 20 kV AC grid is made possible via a delta-wye transformer
as well as a three-phase IGBT inverter. This components’ representation based on models
created. A Space-Vector PWM modulator is used to drive the inverter under control [78].

2.10. Electric Vehicle Smart Charging Using Photovoltaic and Grid

Numerous research has looked at the benefits of PV-based EV charger systems. Ref-
erence highlights the benefit of charging the EV with PV and explains how it enables for
higher penetration of both PV as well as EV. Additionally, EVs may lessen the consequences
of excessive PV production. Reference provides a case study of Columbus, Ohio, to demon-
strate that solar-powered EV charging is both cheaper and less polluting than traditional
grid-based EV charging [79]. The grid integrated PV system outperforms the other two
systems economically, a case study contrasting three different approaches to recharging
electric vehicles (grid alone, PV just plus battery storage, as well as grid integrated PV).
The authors of reference discuss the use of PV power and EVs as a battery system to reduce
peak grid demands. Studies like this show how much better PV-based EV charging is
compared with grid-based EV charging. Numerous papers discuss alternative charging
algorithms and what role they may play in meeting the financial, technological, and societal
goals of PV-based EV charging [80].

The problem formulation determines the kind of optimization model. Convex type
problems (linear, mixed-integer, and quadratic) often have cheap processing costs and
may reach optimum solutions [81]. Optimization strategies of the meta-heuristic kind,
such the Genetic Algorithm and the Particle Swarm Optimization, may be used to solve
non-convex problems and provide solutions that are close to optimum while requiring
little computing effort. With limited data and processing resource needs, the rule-based
algorithm or heuristic type optimization techniques may give adequate solutions for
arbitrary instantaneous occurrences (such as the plugging in/unplugging of EVs or the
change in PV power, for example) [82].

The reason why PV-based EV charging systems for homes and offices have received
more attention than those used in commercial settings is that they need less complex
analysis and flexible integration inside the distribution system. Additionally, the majority
of research on smart charging focuses on particular ways to improve EV grid integration,
for example, variable rates of pricing, market participation, and supplementary offerings
A complex system with many different components is needed to simulate the real-life
implementation [83].
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3. Control Strategies for Power Management of Electric Vehicle/Photovoltaic System

The power flow between the system’s four key components must be investigated in
order to create the suggested system layout. Electrical grid, PV sources, battery storage,
as well as EV charging load are the major components. Power flow management can be
used to establish the demand for and size of a bidirectional power flow energy automated
device. Consequently, the study introduces their applicability on the examined application
in an effort to answer the power flow management issue [83,84].

Heuristic algorithms that take into consideration loaded demand, PV insolation levels,
including off utility hours are often used to estimate power flow in energy PV/battery
systems. However, the proposed system’s solution is made considerably more difficult
by a dynamic grid pricing [85,86]. Using the streamlined heuristic concepts to operate the
PV/battery system will provide operational cost solutions that differ considerably from of
the least cost operation underneath a dynamic grid pricing model. As a result, the pace of
research in this field has quickened [87].

The intended architecture for power flow management must allow for non-linear oper-
ations. This enables the designed topology to be used to various operational circumstances.
To enable the system to function properly under mismatched circumstances and predicting
deviations, the topology must feature an online error compensation phase [88,89]. Last but
not least, the online optimization step should be built with a short calculation time so that
it may be quickly incorporated into real-time controllers. To get over these issues and carry
out the suggested optimization, research on smart methods of energy management and
flexible power distribution is urgently required [90].

3.1. Intelligent Energy Management Strategy

In its present form, the EV-PV charger should be able to charge an electric vehicle
using solar power, but it has no intelligence of its own [91]. According to forecasts, the
cost of electricity will be lowest in the morning hours, this being an ideal moment to plug
in your electric vehicle to the grid for a recharge. While solar charging is most effective
during sunny afternoons. Smart charging algorithms are required for the control of EV-PV
systems to be realized [92].

Every car has a predictable period of accessibility as a load, and this condition of
charging the automobiles at parking lots has been taken into consideration. While parking
the car, the user specifies the billing interval and makes any other relevant price/billing
type/etc. selections.

Capacity, chemical composition, open-circuit voltage, battery state of charge, ambient
temperature, and so on are all characteristics of a vehicle. Every car will allocate the power
to the system based on the user’s preferences and the battery’s characteristics. So, in
order to sum up, dynamic power management of loads takes into account user preferences
and load variables to optimize energy consumption [93,94]. Improving demand-side
power management, control mechanisms, as well as consumer preferences for utility
services are the cornerstones of grid design. A specific system was designed to show
how the smart grid works [95,96]. The skeleton of the whole system is shown in Figure 6.
All of the advantages outlined and taken into account during the system’s design are
realized via battery loads, charging, and connection to the power grid all fall within the
purview of energy management. Every parking deck is controlled by the Intelligent Energy
Management Strategy (IEMS), and each parking deck is made up of different loads [97,98].
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Figure 6. Architecture of the intelligent energy management system considering the performance of
a smart grid [99].

3.2. Energy Management Strategy for Smart Home Integrated with Electric Vehicle, and
Photovoltaic

To limit load power curve volatility and associated energy costs in homes with PV
and EV, energy management measures may be essential. With the proposed method
in [99]., electricity may be transferred from the grid to vehicles (G2V), photovoltaics to
vehicles (PV2V), as well as vehicles to houses (V2H), therefore reducing daily energy
expenses and smoothing out graph of smart home electrical consumption [100]. When PV
power generation is unavailable (PV power is equal to 0), stage A of the proposed control
technique has three modes of operation, while Stage B has five modes of operation (PV
power greater than zero) [101]. The primary objectives of the approach are to manage the
energy drawn from the grid and/or PV and the energy given to a load demand by EVs,
and to regulate the charging and discharging cycles of EVs. Maintaining the load curve
inside the optimal energy consumption range will reduce power bills, the following goals
may be attained [102].

• Find out when the price of power is at its lowest and highest.
• Determine when the residence under study uses the most and the least power.
• To save energy costs and increase valley capacity, at moments of low power demand

as well as cheap energy costs, charge electric cars from the grid utility.
• Manage the battery’s level of charge to avoid overcharging and overdischarging it

when charging and discharging, respectively [103].
• Learn when PV production is inversely proportional to the amount of needed power

that can be supplied by photovoltaics, and use those periods to charge your electric
vehicle from the extra energy you’ve generated.

• Electric car discharge during peak demand periods has the potential to minimise peak
demand [104].

The following data is used as inputs in the proposed method to accomplish the
aforementioned aims: the time the EV Tin arrives, the time the EV Tout leaves, SOC of an
electric vehicle battery at time t, maximum (SOCmax) and minimum (SOCmin) levels of
charge, average power load (Pavg) and average price signal (Cavg), and time-of-use price
signal (C) are all variables to consider; the profile of solar power production Ppv (t); and so
on [105].

3.3. Intelligent Energy Management Strategy

In its current version, the EV-PV charger can take in solar energy and charge the EV,
but it does not have any specialised knowledge on how to do it. The cost of electricity is
predicted to remain low throughout the morning; hence, charging an EV from the grid is
more profitable in the morning. While bright afternoons are advantageous for solar charg-
ing. A smart charging algorithm is required for the control of an EV-PV system [106,107].
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As each parked car is available for a certain amount of time as a load, the pricing situation
in carparks has been investigated. The user chooses the charging period, price, and kind of
charge at the time of parking [108,109].

A vehicle’s capacity, chemistry, open-circuit voltage, charging levels, the state of charge,
temperature, and similar factors are all additional features. Every car will allocate power to
the system based on user selection and battery parameters. To summarise, the system’s
energy usage is maximised by taking into load factors and customer preferences into
consideration while implementing dynamic power management [110]. Control methods,
advanced demand-side power management, as well as customer service preferences are
some of the primary drivers behind grid layout. A specialised system was designed to
demonstrate the benefits of the smart grid. All the advantages outlined and results expected
by integrating a power grid, charging infrastructure, and battery loads into an existing
energy management system. Each parking structure under the IEMS’s jurisdiction holds
a broad range of cars and must adhere to its rules [111,112]. The IEMS is automatically
updated with information about available power and cost from the grid’s perspective at
a given time interval. This approach assists IEMS in monitoring several converters at the
same time in order to make real-time choices [113–116].

3.4. Control Strategy for Power Electronic Components

Power converters are used to link all the parts of the system to a DC power source.
The maximum output of a PV array is constantly monitored by the boost converter. When
it comes to performance as well as battery life, a bidirectional DC/DC conversion is used
for charging and charging the battery. Electric cars need two separate control systems in
order to work with a broad variety of battery sizes. We’ll look at two types of controllers:
(1) the I-V controller, as well as (2) the average sliding mode control [117].

3.4.1. I–V Controller for Electric Vehicle

The EV runs in a current loop mode to enhance an EV’s charging capacity. Charging
the EV requires just a correct current reference control algorithm [118]. The system’s health
determines how often this resource is refreshed. Feedback from a comparison of a current
drawn from a PI controller is able to maintain a steady-state error of zero by connecting the
batteries of a hybrid or electric car to a current reference illustrated in Figure 7 [119,120].

-
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PI PWMIref

Iload

Vload

Vref
To buck 

converter

Figure 7. Block diagram of I-V based controller for EV from input to output [100].

Meanwhile, the EV’s battery voltage is compared to a value computed by the PI
controller. The DC/DC converter is controlled by pulses generated from an external PI
block’s output. The electric vehicle may be charged to a maximum of 6 kW when overall
power generation exceeds consumption [121].

3.4.2. Average Sliding Mode Controller to Electric Vehicle

Nonlinear control is used because conventional linear controllers like proportional-
integral-derivative (PI) as well as proportional-integral (PID) are inadequate when dealing
with substantial input as well as load voltage fluctuations [122]. Despite variations in the
system’s features and load, sliding mode management maintains stability and resilience.
To improve performance, multi-loop control is used instead of basic loop control, however
designing the controller is difficult, especially for higher order converter topologies [123].
Sliding mode control and hysteresis control are two examples of nonlinear control ap-
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proaches that provide very accurate models. To regulate DC/DC boost converters, several
current controllers are employed. In order to fine-tune the current characteristics and attain
the targeted dynamic performance, average sliding mode control (SMC) is used, as shown
in Figure 8. For this reason, the average SMC reference current is derived from PI current
control block’s output [19].
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Figure 8. Block diagram of average SMC from input to output [100].

The varying switching frequencies make it very sensitive to overall SMC noise. Few
regulated options exist to address the issue of variable switching frequency. After the
median SMC has established the allowable signal range, its variable switching frequency
is locked in at a fixed value. Figure 9 depicts a typical SMC building block [124]. Output
current as well as voltage from the EV are calculated and compared to standards before
being sent to the PI controllers [125].
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Figure 9. Average SMC for current control in its typical building shape [100].

4. Recent Studies on Various Topologies of Electric Vehicle/Photovoltaic Systems

Table 6 discuses the recent studies of the EV-PV systems.

Table 6. Summary of Topologies of EV/PV Systems based on the recent studies and their methodolo-
gies and outcomes.

Reference Methodology Outcomes

[126]

a high gain, fast charging DC–DC
converter and a control algorithm for grid

integrated Solar PV (SPV) based EVCS
with battery backup

The proposed converter and its control
algorithm’s performance are investigated in

three different modes using
MATLAB/Simulink tool and the simulated
results are validated with Real-Time Digital

Simulation (RTDS) in OPAL-RT. The observed
results meet the Power Quality limits of an

IEC61000-3-2 [52] standard and met the level-4
dc charging standard IEC61851 [32]
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Table 6. Cont.

Reference Methodology Outcomes

[127]

minimizing the cost incurred due to
energy losses in an IEEE-37 bus system

integrated with a commercial EVCS
located in Qatar. The Particle Swarm

Optimization (PSO) algorithm is used for
the efficient location allocation of EVCS.

The system is analytically examined through
the Thukaram Load Flow Algorithm and

investigations are conducted to observe the
beneficial impacts of load balancing between

RES and utility

[128]

conceptualizes the interconnection of these
components through a 750 V DC nanogrid
as against a conventional three-phase 400
V AC system. The factors influencing the
performance of a DC-based nanogrid are
identified and a comparative analysis with
respect to a conventional AC nanogrid is
presented in terms of efficiency, stability,

and protection.

It is proved how the minimization of grid
energy exchange through power management
is a vital system design choice. Secondly, the

trade-off between stability, protection, and cost
for sizing of the DC buffer capacitors is

explored. The transient system response to
different fault conditions for both AC and DC

nanogrid is investigated.

[129]

, an application mode of EV charging
network and distributed photovoltaic

power generation local consumption is
studied. The management idea of

two-layer and four model has been
established, including the regional

distributed photovoltaic output model,
electricity consumption model, EV

consumption model, and regional grid
load dispatching model, which can realize
the scheduling of the energy flow formed
by photovoltaic, induce the charging of

EVs, and make the photovoltaic
consumption in office building areas and
residential building areas complementary

This mode is intended to guide the
consumption of new energy through economic

leverage, which can realize the unified
regulation of distributed energy convergence,

consumption and storage.

[130]

mainly focuses on the various standards
for EV, PV systems and their

interconnection with
grid-connected systems.

For a better operation of EV for domestic and
commercial use, it is necessary to follow
certain international standards that are

published and proved to be efficient. Some of
the important standards to be followed in the

design and manufacturing of EVs.

[131]

presents the control of a single phase
EVCS powered by a wind energy

generation system (WEGS) and a PV array
that are installed in houses for EV
charging and household supply.

Test results have proven the satisfactory
operation of the CS for supplying the domestic
loads while accomplishing the primary task of

charging the EV.

[132]

r reviews the state-of-the-art literature on
power electronics converter systems,

which interface with the utility grid, PV
systems, and EVs. Comparisons are made

in terms of their topologies, isolation,
power and voltage ranges, efficiency, and

bi-directional power capability for
V2G operation.

A brief description of EV charger types, their
power levels, and standards is provided. It is
anticipated that the studies and comparisons
in this paper would be advantageous as an

all-in-one source of information for researchers
seeking information related to EV

charging infrastructures.

5. Discussion and Conclusions

This paper provides an overview of PV-EV charging system technology, operation,
and status. In addition, it provides information on the principles of electric cars, batteries,
and a description of PV. To prove the technological and economic feasibility of PV-grid as
well as PV solo charging, a case study is carried out by contrasting them with grid-only
charging. It has been determined that PV-grid charging has the ability to create a profit.
However, due to the limited capacity of the PV as well as the batteries, the Power system
may not be cost effective. Furthermore, since PV is intermittent, it is probable that it will
not be able to generate enough electricity to meet consumer demand.
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6. Challenges and Future Work Recommendations

6.1. Modeling, Optimization and Control

In spite of the various efforts that have been done on PV–grid charge techniques, it is
essential to the alternating nature of PV be recognized. Because of the unpredictability of the
sun irradiation, there is no way to know how long the charcoal will keep its consistency. As
a result, it is of the utmost importance to design the system to have an energy management
function that is optimum. This development of reliable forecast model for power production
of PV systems is one topic that is of interest [133]. This may be linked with an accurate
model of the cost of grid energy (which is basing on dynamic tariff structures), which will
guarantee that the owner of the charging station obtains the highest possible return on
their investment [134]. The following works are evidence of the growing interest in the
various energy management systems.

Static charging requires electric car owners to notify the station owner in advance of
the anticipated demand for charging their vehicles. In more realistic dynamic charging
situation, an electric vehicle (EV) may enter and depart the station at any moment, without
the owner of the station having previous knowledge of this [135]. In order to accomplish
this goal, optimum solutions basing linear programming & heuristic algorithms used, one
for static issues & the other for the dynamic ones, respectively [136]. Despite the fact
that the dynamic scenario presents a more accurate representation of reality, the answers
provided by the static issues may serve as a standard against which performance can be
measured. The optimization of electric vehicle charging has a number of possibilities for
the use of approaches from soft computing [137].

The optimization of the photovoltaic charging system utilizing the soft computing
approaches has a number of difficulties, despite the fact that these methods are successful
in themselves. For instance, the fuzzy logic controller is simply appropriate for use in a
system that has a limited number of charging outlets and electric vehicles that need to
be charged [138]. The rule table will get more complex as well as the algorithm will take
longer time to execute if there are a large number of energy sources and EVs. In addition,
achieving exact tuning of the fuzzy variable quantity is quite challenging, yet with the
assistance of methods such as the genetic algorithm [139].

6.2. Issue on the Integration with Smart Grid System

It has been determined that smart grid technology, which has renewable energy
sources & electric vehicles play a vital part, will be that dominant trend in the fields in
future power systems. For instance, electricity that is produced by PV may alleviate some
of the strain placed on the grid, especially during peak hours [140]. However, utilities’
worries about potential unintended consequences, such as impacts on system reliability,
power quality, protection, as well as grid synchronisation, have increased in tandem with
the widespread use of renewable energy sources. This is all tied up with PV’s status
as an intermittent energy source. It is regarded to be a big problem for the smart grid
system to handle these qualms in PV–EV charging, which gives intriguing opportunities
for additional exploration [139].

6.3. Challenges and Suggestions for Electric Vehicle Charging

• Range, refill time, and cost all play a role in determining how popular electric cars
are. The availability of charging stations for EVs is crucial to these considerations.
Below, we highlight some of the difficulties and recommendations associated with EV
charging [141].

• There are not universal manufacturing requirements for charging devices. For instance,
there are different standards for charging connectors in Japan, the US, and Europe.
Homogeneity in charging standards and equipment may save costs and increase
market acceptance of EVs.
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• Currently, not each EV models can handle every charging levels, & Warning: not all
public charging stations can handle high-power devices. Because of this, those who
own electric vehicles have a hard time finding enough charging infrastructure [142].

• Currently, fast charging station users must pay a set monthly demand fee, which
discourages EV owners from utilizing their vehicles since they are unable to charge
them on demand based on a variable power tariff. Modifying the fixed demand fee
policy may be able to alleviate EV owners’ complaints [143].

• The charging facility layouts of the charging stations vary since they remain installed
by various businesses in various locations. The users find it difficult to adjust to
different charging facility layouts. The popularity of EVs will rise with a uniform
charging facility structure comparable to ICEV refuelling stations [144].

• Private fast-charging facilities, such those in homes, are still difficult to set up and
often need permission from local service companies & govt. This drawn-out procedure
discourages EV owners from building their own private fast charging infrastructure
for satisfying their needs.

• It’s important to strategically deploy EV charging stations along major thoroughfares
and in urban areas. Owners of EVs are concerned about the lack of planning for
charging stations outside of major cities [145].

• Renewable energy sources, including solar or wind energy, may be used in charging
stations. Such charging stations demand a lot of room and expensive design and
execution. Vacant lots near roadways are excellent locations for renewable energy-
powered EV charging stations [146].
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