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Abstract: The recent invasion of electric-powered personal mobility vehicles (e-PMVs) in many cities
worldwide has disputed the transport sector and captured the attention of academics, practitioners,
and public administrators. Indeed, these vehicles are believed to be sustainable transport alternatives.
Therefore, understanding how to evaluate and monitor the related performance is crucial and may be
addressed by suitable key sustainable parameters (KSPs) to inform on the excellences and criticalities
of e-PMVs. Previous research has focused largely on “how to measure and manage” KSPs rather than
“what to measure”. Conversely, as far as the authors know, no study investigated objective methods
for identifying and selecting top KSPs. This paper covers this gap by proposing a cohesive approach,
which identifies a long list of KSPs, defines their properties, involves experts to elicit judgments for
each KSP, evaluates the long list, and returns the most promising set. This approach is demonstrated
with an application based on an Italian survey. A circumscribed and relevant set of six overlapping
KSPs is derived by merging two different approaches. These results may support the opportunity to
assess the performance of e-PMVs among cities according to a common set of KSPs.

Keywords: micromobility; personal mobility vehicle; sustainability assessment; analytic hierarchy
process; sustainable micromobility parameters

1. Introduction

Nowadays, sustainability has become one of the core objectives of the transport sector
worldwide. The rapid growth in energy consumption, environmental pollution, and
climate change is receiving increasing attention. These facts captured the attention of
academics, practitioners, and public administrators to reinvent transport modes towards
less energy-intensive solutions such as electric micromobility devices to achieve a more
sustainable urban transport [1,2]. Generally speaking, electric micromobility refers to
electric-powered micro personal mobility vehicles (e-PMVs) and aims to serve the mobility
demand for short and medium-range trips (within 5 km). The e-PMVs include micro-
vehicles that can be driven while seated (i.e., electric scooters, pedal-assisted or electric
bicycles) or standing (i.e., e-kick scooters, segways, hoverboards, and monowheels).

Nowadays, e-PMVs (privately or shared) are mostly invading large urban contexts
(e.g., Rome, Milan, Paris). They are believed to be an environmentally friendly new
transport mode because they may increase community relationships, reduce emission
levels, and improve air quality. In addition, e-PMVs could reduce traffic congestion—and
consequently, travel times—due to the possibility of using a viable transport alternative
in urban areas for many users. However, some studies showed that they could replace
walking and cycling without reducing the use of private cars for short trips, e.g., [3].
Therefore, the praised sustainable benefits of this new transport mode could be wholly or
partially disregarded [4–7].
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Owing to this exceptional spread, the interest of academics, practitioners, and public
administrators towards e-PMVs has grown considerably and caused several challenges,
such as monitoring the performances of e-PMVs. For instance, many public administrators
could be unprepared to monitor the performance of e-PMVs in their contexts (e.g., where to
locate the charging infrastructures, the numbers of riders) without a clear and effective set
of parameters representing their characteristics. Thus, these parameters are a fundamental
input in monitoring e-PMVs because they help detect excellences and criticalities. Therefore,
the selection of key sustainable parameters (KSPs) is crucial for this task.

However, little attention has been paid to the following three issues.
First, relevant inclusive reviews investigated many issues of e-PMVs, seeing as how

they are a quite recent and hot research topic. O’Hern & Estgfaeller [8] provided a scien-
tometric review to synthesise, sort rapidly, analyse bibliographic data, and display the
evolution of mobility research in the field of micromobility in terms of time, region, and
numbers of citations. Boglietti et al. [9] reviewed endogenous and exogenous issues of
e-PMVs. The former refers to problems strictly related to the use of e-PMVs in public spaces,
while the latter refers to the external effects of their use, therefore, their impact on users’
road safety and the environment. Lastly, Sengül and Mostofi [10] reviewed the impacts
of e-PMVs according to travel behaviours, energy consumption, environmental impacts,
safety, and related regulations. Surprisingly, despite these quite comprehensive reviews,
there is a lack of research focused on identifying parameters (or indicators) suitable to
evaluate and monitor e-PMV performance over time. Boglietti et al. [9] also noted this
research gap and stressed the importance of monitoring e-PMVs with proper parameters.

Second, existing research is focused on the development of models and methods on
how to measure and manage KSPs rather than on what to measure [8–10]. Indeed, previous
research rarely investigated parameter selection mechanisms by objective methods.

Third, according to Castillo and Pitfiled [11] and Barabino et al. [12], selecting suitable
KSPs presents some challenges, which require a systematic method to improve their
acceptability and credibility among experts. Although many potential KSPs may be
considered, the selection of a compact subset of them may be tricky. Moreover, since KSPs
are only constructs of the e-PMV system, it is challenging to select those more suitable for
its characterisation.

Considering the previous drawbacks and challenges, this study proposes a cohesive
approach to identify and select a pool of KSPs able to provide a high-level direction for
monitoring the performance of e-PMVs. At first, this approach identifies a long list of
KSPs; next, it points out components and attributes for KSPs and involves experts to
obtain judgments on each KSP. Finally, it evaluates and ranks KSPs by a weighted outcome
score. These evaluations are carried out on the data collected by Italian experts involving
academics, practitioners, and users of e-PMVs. This approach differs from ELASTIC, i.e., a
framework for identifying and selecting sustainable transport indicators by UK experts [11].
Moreover, it differs from other research, which proposed an integrated approach to select a
set of key performance indicators to monitor the transit service quality [12].

Since a key goal of each form of sustainable transport (including e-PMVs) is the
evaluation of its performances, the content of this study contributes to the progress of
analyses and monitoring on the use of e-PMVs for academics, practitioners, and public
administrators. Indeed, this study sheds new light on a research area that has been
largely neglected. For instance, academics and practitioners could re-think the need to
accommodate e-PMVs in urban spaces, and public administrators could measure KSPs to
evaluate their benefits and downfalls.

The remainder of the paper is structured as follows: Section 2 reviews the related and
relevant literature. Section 3 describes the cohesive method characterised by six procedural
steps to identify and select the most suitable KSPs describing the performance of e-PMVs.
Section 4 presents the results of the most promising set of KSPs. Section 5 discusses the
results in the context of the literature. Finally, Section 6 concludes the study and provides
research perspectives.
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2. State of the Art KSPs

The search of parameters in the literature was carried out through the Google Scholar
and Scopus databases. These databases identified articles from the academic literature
using multiple keywords (i.e., e-scooters, micromobility, sustainable micromobility, sus-
tainable transport, environmental sustainability, electric vehicles, sustainable transport
indicators). The reading of titles and abstracts enabled a more accurate selection of sources
consistent with the topic studied. Given the number of identified parameters, we cat-
egorised them into key criteria, representing a reference theme. Each key criterion has
an associated parameter category that can be further divided into sub-parameters and
sub-sub-parameters (if any).

More precisely, Table 1 lists the recent literature and provides a summary of parameters
for the possible evaluation of the performance of e-PMVs. Table 1 is organised into four
parts. The first part contains sources, and the second specifies the number of key criteria
(#KC), parameters (#P), and sub-parameters (#sP) for each source. The third part specifies
which key criteria and parameters were investigated, and, finally, the fourth part shows
how these parameters were selected from the literature. In addition, Table 1 is alphabetically
ordered according to the source.

Data reported in Table 1 leads us to two considerations.
As for the first consideration, the key criteria concerned economic, environmental,

safety, social, and urban and transport planning issues.
The economic criterion included the costs of users to use the service. Therefore,

the cost reduction and increased performance of e-PMVs in terms of effectiveness and
sustainability were considered. The economic criterion referred to the travel costs incurred
by users and the time spent travelling due to traffic congestion. Indeed, market analyses
showed that the costs of managing, maintaining, and operating e-PMVs were significantly
lower than the vehicle itself. Furthermore, given the possibility of travelling on a priority
lane, the use of e-PMVs reduced travel time compared to other means of transport [13,14].

The environmental criterion included several parameters to monitor the impact that
e-PMVs had on the surrounding environment: energy savings, CO2 emissions, and other
emissions. The release of CO2 is influenced by the materials utilised and the production
processes, including the related charging stations. Emissions could depend on several
facets, including the vehicle’s LCA emissions, type of fuel used, mode of transport replaced,
and their daily management. Finally, parameters such as the battery capacity, alternative
transport choice, consumption of energy use, or renewable energies could affect the energy
saving of e-PMVs [5,15].

Being a transport mode, many authors highlighted the safety criterion in e-PMV
systems. They considered, on a case-by-case basis, the internal and external users of the
system. The parameters evaluated the number of crashes and types of injury associated
with the crash. Consequently, other parameters focused on the optional devices available
(for the vehicles or users) to prevent crashes or limit their injuries, or again the user’s
knowledge of the traffic rules and the different types of speeds allowed, including the
speed limit of the vehicle itself. Finally, some studies focused on the perception of safety
both by pedestrians and by the user of the e-PMV [16–18].

The social criterion referred to studies examining the impact of e-PMVs on people’s
lives and population characteristics, both in terms of user habits and fairness of the service
to the population. Parameters were based on social and economic equity (i.e., gender, race,
employment, education, income), the number of trips, kilometres travelled, travel time,
and the average age of users. [19,20].

Finally, the urban and transport planning criterion considered the sustainability of
e-PMVs within the definition of urban development and sustainable transport systems that
involve the well-being of people and the design of the urban environment. Specifically, it
included evaluating infrastructural parameters such as the presence or absence of routes
dedicated to e-PMVs, recharging stations, rentals, or conflicts with the road or parking
areas. Some parameters concerned the impacts on mobility systems depending on the use
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of urban space and a multimodality offer. Moreover, an analysis of the possible demand
for e-PMVs grouped the population density, connection, and distance from the attractors
of the city (e.g., city centre, shopping centres, schools, offices, parking lots) [21–23].

The second consideration concerned the selection of the parameters. It was carried out
by three different approaches. The selection of parameters from previous literature (L) on
e-PMVs is the prevalent type. By this approach, parameters were selected by drawing on
previous relevant studies about e-PMVs. They ranged from road safety to the perception
of users and non-users [18,21,24]. The second approach selected the parameters through
specific corporate inquiries (C). Therefore, parameters were selected according to the goals
or objectives of the organisations. The commonality between studies is the willingness
to guide mobility strategies. For example, Schellong et al. [25] analysed the market of
the main companies due to highlighted opportunities for mobility service providers and
platforms. Clewlow [17] examined the potential of e-PMVs in several USA cities through a
database of private companies. In both approaches, no report or study presented a ranking
of the best parameters for evaluating e-PMVs. Conversely, the third approach is based on
models and/or methods (M). More precisely, some studies applied simple regression [26]
or spatial regression models [19,23,27] to existing e-PMV systems (e.g., Austin, Louisville,
Minneapolis) to explore which parameters affect e-PMV travel or usage patterns. The
regression highlighted the significant parameters related to, e.g., demographics, density,
social or economic diversity, land use, design, distance to transit, and other transport-
related variables that affect e-PMV travel or usage patterns. Caspi et al. [27] deduced
that the level of employment and charging infrastructure influences the use of e-PMVs.
Hosseinzadeh et al. [23] and Bai & Jiao [19] showed the relevance of proximity to certain
attractive areas such as shopping centres or city centres.

From the previous literature, it appears that the study by Møller et al. [28] considered
more sub-parameters, followed by Bai & Jiao [19] and Gossling [18] with 14, 13, and 11 sub-
parameters, respectively. However, the categories developed did not fully include the
identified criteria (e.g., territorial planning, security, economic, social, and environmental).
Bai & Jiao [19] focused mainly on the social and urban planning and transport aspects. In
contrast, Gossling [18] debated safety, and Møller et al. [28] used the environmental and
economic facets. Gitelman et al. [26] considered four of the five key criteria identified and
only left out the social aspects. Overall, the literature analysis showed particular attention
to KSPs related to the aspects of urban planning and transport (42), environmental (41),
safety (31), social (21), and economic (10).

Nevertheless, despite this high-quality literature, no study proposed a cohesive
method to identify and select the most promising set of KSPs. This study covers this gap.
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Table 1. Summary of potential parameters for the evaluation of the performance of e-PMVs.

Source #KC #P #sP
Economic Environmental Safety Social Urban and Transport Planning Parameter

Selection

UC CR ES OE C PS VF TR CP IPL I TI AT UCF

Abduljabbar et al., 2021 [13] 4 5 5 • • • • • L
Alessio, 2019 [29] 3 4 4 • • • • L

Badeau et al., 2019 [16] 1 1 1 • L
Bai & Jiao, 2020 [19] 3 6 13 • • • • • • M
Cao et al., 2021 [20] 3 4 5 • • • • L

Caspi et al., 2020 [27] 2 3 3 • • • M
Christoforou et al., 2021 [30] 3 4 6 • • • • L

Clewlow et al., 2018 [17] 2 2 2 • • C
Gitelman et al., 2020 [26] 4 4 4 • • • • M

Gossling, 2020 [18] 3 5 11 • • • • • L
Hawa et al., 2021 [31] 2 6 6 • • • • • • L

Hollingsworth et al., 2019 [5] 1 2 3 • • C
Hosseinzadeh et al., 2021 [23] 2 4 8 • • • • M

Hwang, 2010 [15] 1 2 2 • • L
International Transport Forum,

2020 [32] 2 3 4 • • • L

James et al., 2019 [24] 2 5 6 • • • • • L
Kopplin et al., 2021 [33] 3 4 5 • • • • L
Møller et al., 2020 [28] 3 8 14 • • • • • • • L

Nocerino et al., 2016 [34] 3 4 1 • • • • L
Piazza et al., 2021 [35] 3 4 4 • • • • M
Reck et al., 2021 [22] 2 4 7 • • • • L
Scarpinella, 2020 [21] 1 1 2 • L

Schellong et al., 2019 [25] 3 4 4 • • • • C
Siow et al., 2020 [36] 2 3 3 • • • L
Smith et al., 2018 [14] 2 2 2 • • C

This is a representative but not a comprehensive list of references. #KC, number of key criteria; #P, number of parameters; #sP, number of sub-parameters; UC, user cost; CR, CO2 release; ES, energy-saving OE,
other emissions; C, crashes; PS, perception of security; VF, vehicle features; TR, traffic rules; CP, characteristics of the population; IP, impact on people’s lives; I, infrastructure; TI, transport impact; AT, attractors;
UF, urban centre features; L, literature; M, models and/or methods; C, corporate inquiries.
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3. Methodology

The cohesive method for identifying and selecting a set of KSPs is organised into three
main phases (and related steps) according to the scheme in Figure 1. Moreover, for the sake
of synthesis, criteria, parameters, and sub-parameters will all be referred to as parameters
(or KSPs) later. Each phase (and related steps) is described below.
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3.1. Preliminary Phase

Phase A sets some preliminary tasks to frame both KSPs and their related properties.
It runs according to steps (1) and (2).

Step (1) aims to collect a long list of the potential KPSs for e-PMVs. Such KSPs can be
expanded into more specific sub-parameters to be able to consider each of them separately.
In this method, the relevant literature is considered. It identifies the more comprehensive
initial source of potential KSPs from scientific databases and reports, as shown in Table 1.

Step (2) aims to define the key properties of KSPs. To perform this task, two manage-
able components were considered according to [11,12]: (1) the methodological component
of KSPs and (2) the sustainability component. The components represent relevant proper-
ties of the parameters. However, they could be too broad to cover the selection of KSPs.
Therefore, an additional decomposition into more measurable and accurate related at-
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tributes was required. The literature suggested several attributes for the methodological
component, and the main ones were taken from [11,12]:

• Measurability: the possibility of evaluating a KSP in a theoretical and reliable way.
• Ease of availability: the opportunity to easily collecting reliable parameter data at a

reasonable cost.
• Speed of availability: the option to regularly update the derived or calculated parame-

ter data to minimise the time elapsed between two consecutive measurements.
• Interpretability: the unambiguous output should report parameters that all interested

parties easily understand.

Since e-PMVs are believed to be a sustainable mode of transport, the methodological
component is accompanied by the sustainability component, according to the concept
proposed by the Brundtland Commission [37]. The concept of sustainability is very broad
and linked to the compatibility between the development of economic activities and
environmental protection. Hence, four attributes for the sustainability component were
considered in this study, which also included some of the key criteria that clustered
parameters in Table 1, they were:

• Social, a sustainable e-PMV system should contribute to social and spatial equity,
meeting the basic mobility and accessibility needs of all social, economic, and geo-
graphical groups.

• Environmental, a sustainable e-PMV system should minimise the consumption of
natural resources, actively reduce transport-related emissions and waste.

• Economic, a sustainable e-PMV system should contribute to economic growth and
support market mechanisms that reflect the true social, economic, and environmental
costs of activities.

• Safety, a sustainable e-PMV system should be designed and managed to minimise the
risks to health, and the number, severity, and risks of road crashes.

Although all attributes are general, each of them may have a specific level of impor-
tance because they vary to reflect different viewpoints.

3.2. Participation Phase

Phase B identifies a panel of stakeholders and takes their opinions about components
and attributes and their parameters; it runs according to steps (3) and (4). Moreover, for
the sake of synthesis, components and attributes will all be referred to as items in what
follows, unless they were specified.

Defining the relevance of parameters is not a trivial task; it must consider specific
requirements, issues of quality, etc. Therefore, the involvement of experts in the perceived
evaluation of parameters is considered a significant phase, which characterises Step (3).
Academics, practitioners and aware e-PMV users are here considered “experts”. Academics
can provide a thorough and suitable evaluation of parameters related to components and
attributes at a high level. Practitioners can provide a daily operational judgement from a
managerial perspective. Aware e-PMV users can provide an applied evaluation from their
viewpoint, which completes the previous theoretical and managerial ones, thus avoiding
the common wide gap between users, practitioners, and academics [38]. The involvement
of diverse experts is strongly recommended because the different sensitivities, training, and
heterogeneous expertise could lead to a different evaluation of components and attributes
of each parameter. Since these perceptions can vary due to the specific knowledge on
KSPs, and, thus, provide different opinions towards components and attributes, a weighing
process is required to derive the relative importance. Hence, weights of importance are
attached to components and attributes according to objective methods. Indeed, weights can
be directly attached by questioning experts on preferences for a single item. However, this
approach might be flawed since humans have difficulties processing relevant information
about all items into stable weights, especially when many items are evaluated, e.g., [11,39].
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Several authors have proposed approaches to weighting items, e.g., [40–42]. In this
study, a multi-criteria decision analysis (MCDA) is considered [43–45]. It has the advantage
of simultaneously considering multiple aspects (e.g., criteria, goals, actions), both qualita-
tive and quantitative, and enables us to highlight the different perspectives of stakeholders.
Using known information (e.g., goals) and judgments expressed in numerical values by
the decision-maker, the MCDA determines a compromising solution [46]. The MCDA
can be performed by different approaches, each one with different pros and cons. This
study chooses the analytic hierarchy process (AHP) due to its positive mitigation of bias
risks [47–49]. It helps to model cases of uncertainty and risk because it can derive and com-
bine multidimensional scales—where measures ordinarily do not exist—in a single scale of
priority [50,51]. Furthermore, it provides a mathematical foundation (e.g., eigenvectors)
that establishes weights from each judgment, arriving at objective evaluations.

The AHP consists of a pairwise comparison of items that generates a stable weight
assignment. Moreover, in order to reduce possible biases in a decision-making process,
the AHP generates a ratio scale for each set of pairwise comparisons to evaluate the
consistency/inconsistency of the judgements provided. To do so, the AHP raises subjective
comparisons and then aggregates the results into objective weights, solving the issue of
subjectivity of the expert involved. Indeed, it resolves conflict or disagreements among
groups that may have incompatible goals or positions [52–56]. The application of the AHP
itself and all its properties eliminate excessive subjectivity because it translates subjective
judgments into objective weights. The AHP results can be useful considering the different
facets with multiple measurements that characterise the parameters of e-PMVs.

Expert involvement can consist of various approaches. According to Step (4), a survey
is proposed to involve the largest number of interested experts in this study. Among
the several survey types available, the choice of a web survey is suggested because of
several advantages that make this procedure well-practicable [57]. In detail, the web survey
(1) can elicit information at a low cost; (2) rapidly reach experts; (3) be directly compiled
online, thus removing the choice to print the questionnaire; and (4) returns data ready to
be processed. Moreover, the web surveys are non-intrusive, and the participation is free
and without external pressure [57,58]. The use of a traditional e-mail survey would be
an interesting choice. Indeed, it could be assumed that a file can be saved on a computer
or in printed form, and the respondent does not necessarily need to be online to answer.
However, the previous advantages suggest adopting a web survey. In addition, during the
COVID-19 pandemic, web surveys were one of few applicable tools.

The web survey is organised in two sections and involves the experts twice. The survey
has two chosen components (i.e., methodological and sustainability), and experts evaluated
which one was more relevant and by how much (e.g., twice as much). Similarly, experts
had to indicate an evaluation among the four attributes of each component. Secondly, a
matrix containing all parameters and attributes (of both the components) is provided, and
experts had to rate each parameter against each attribute.

3.3. Data Processing and Reporting

Phase C processes data collected among experts and returns the KPSs ranked with
respect to the best values. It runs according to steps (5) and (6) as follows.

Step (5) processes data via two methods. The former includes the application of AHP
to translate subjective judgments into objective weights. The second aggregates weights
and outcome marks to compute the performance of each KSP.

More precisely, the AHP method consists of mathematical processing, which is organ-
ised into several stages. First, a matrix of pairwise comparisons is built for each expert
while comparing items. In this matrix, rows and columns report items. Each entry is the
weight assigned to an item with respect to one another. Second, starting from this matrix, a
vector of weights for each item is first computed and next normalised. Third, since some
inconsistency of judgment can be observed, a consistency test is performed to verify the
reliability of judgments of each matrix.
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More precisely, let:

• J be the set of experts involved and j an individual expert;
• P be the set of items and p an individual item, i.e., a component or an attribute;
• wp/wq be the numerical judgment of the pairwise comparison between item p ∈ P

and q ∈ P, respectively (for instance, wp/wq = 2/1 means item p ∈ P is twice more
important than item q ∈ P; thus wq/wp = 1

2 means the opposite case);
• Wp be the overall unnormalised weight of item p ∈ P, and wp is its normalised value;
• CI be the consistency index, which expresses the consistency/inconsistency of pairwise

comparisons. Precisely, the CI measures whether the judgments of the participant are
logical and consistent with the choices made throughout the survey;

• λmax be the maximum eigenvalue needed to compute the measure of consistency;
• RI be the random consistency index, a tabulated CI function of the maximum number

of items.

The computation of weights and the consistency check of the judgments were per-
formed according to the following four-step algorithm:

For each expert j ∈ J:

(1) Build the matrix of pairwise comparisons for each item, as shown in Table 2.
(2) Compute Wp and wp from this matrix. More precisely, among the several approaches,

the vector of weight Wp is computed as follows:

Wp = n
√

∏n
q=1 wp/wq ∀p ∈ P (1)

Then, Wp is normalised through the average arithmetic method as follows:

wp =
Wp

∑n
p=1 Wp

(2)

(3) Check the consistency.

Table 2. Numerical judgment of the pairwise comparison between items.

1 2 . . . q . . . n

1 1 w1/w2 . . . w1/wq . . . w1/wn

2 w2/w1 1 . . . w2/wq . . . w2/wn

. . . . . . . . . . . . . . . . . . . . .

p wp/w1 wp/w2 . . . wp/wq . . . wp/wn

. . . . . . . . . . . . . . . 1 . . .

n wn/w1 wn/w2 . . . wn/wq . . . 1

First, λmax is computed as follows:

λmax =

∑n
p=1

[
∑n

q=1

( wp
wq ∗wp

)
wp

]
n

(3)

Second, it should be verified that λmax ≥ n
Third, CI is calculated as follows:

CI =
(λmax − n)
(n− 1)

(4)

The evaluations are perfectly consistent if λmax = n, thus CI = 0.
Fourth, the RI is taken from Table 3 according to the number of items considered.
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Table 3. Random Consistency Index.

n 1 2 3 4 5 6 7 8 9 10

RI 0 0 0.52 0.89 1.11 1.25 1.35 1.40 1.45 1.49

Finally, the consistency ratio is computed as follows:

CR =
CI
RI

(5)

The AHP considers the pairwise comparisons consistent when CR < 0.1 (10%); oth-
erwise, the expert may be re-involved to revise his/her evaluations. More details of the
application of AHP are provided in [48–50].

Once AHP returned weights, an aggregate score (denoted by SI) is computed for each
parameter. This score is calculated by a simple additive weighting approach that combines
the average weight of components and attributes and the outcome marks of each parameter.
More precisely, let:

• I be the set of KSPs and i an individual KSP;
• M be the set of attributes of the methodological component and m be an individual

attribute;
• S be the set of attributes of the sustainability component and s be an individual

attribute;
• w1j be the weight of the methodological component returned by (2), according to the

judgement of expert j ∈ J;
• w2j be the weight of the sustainability component returned by (2), according to the

judgement of expert j ∈ J;
• w1jm be the weight of attribute m ∈M returned by (2), according to the evaluation of

expert j ∈ J;
• w2js be the weight of attribute s ∈ S returned by (2), according to the evaluation of

expert j ∈ J;
• G1 be the average weight of the methodological component;
• G2 be the average weight of the sustainability component;
• w1m be the average weight of attribute m ∈M;
• w2s be the average weight of attribute s ∈ S;
• Vim be the average mark of parameter i ∈ I for attribute m ∈M;
• Vis be the average mark of parameter i ∈ I for attribute s ∈ S;
• Vijm be the mark of parameter i ∈ I for attribute m ∈M according to the evaluation of

expert j ∈ J;
• Vijs be the mark of parameter i ∈ I for attribute s ∈ S according to the evaluation of

expert j ∈ J.

The computation of SI is performed according to the following four steps algorithm.
For each parameter i ∈ I:

(1) Compute G1 and G2 as follows:

G1 =
∑J

j=1 w1j

J
(6)

G2 =
∑J

j=1 w2j

J
(7)

(2) Compute w1m and w2s as follows:

w1m =
∑J

j=1 w1jm

J
∀m ∈ M (8)
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w2s =
∑J

j=1 w2js

J
∀s ∈ S (9)

1. Compute Vim and Vis as follows:

Vim =
J

∑
j=1

Vijm

J
∀ m ∈ M ∀ i ∈ I (10)

Vis =
J

∑
j=1

Vijs

J
∀ s ∈ S ∀ i ∈ I (11)

(4) Compute SIi as follows:

SIi = G1

(
∑

mεM
w1m ∗Vim

)
+ G2

(
∑
sεS

w2s ∗Vis

)
∀ i ∈ I (12)

According to step (6), KSPs are in decreasing order based on their estimated SIi.
The first top KSPs are selected to be the most appropriate and coherent to measure the
performance of e-PMVs.

4. Results
4.1. Preliminary Phase: The Long List of Parameters

According to Step (1) of phase A, Table 1 summarised the more comprehensive list
of parameters to evaluate the performance of e-PMVs. Next, a grouping of similar sub-
parameters was carried out, which were clustered based on the original key criteria. A total
of 54 unique sub-parameters was considered, which was not derived from a specific source.
More specific characteristics of sub-parameters have been inserted in the latest column of
sub-sub-parameters reported in Appendix A. Next, components and attributes pointed out
in Step (2) represented a data input in the selection process.

4.2. Participation Phase: The Survey

According to steps (3) and (4), a web-based survey among experts was carried out
to obtain their judgements. The selection of experts considered the national scale of the
research and the multi-perspective of the topic. Consequently, experts are Italian academics,
practitioners, and aware e-PMV users. They were identified according to three sources.
Academics were selected by Scopus for keywords (i.e., e-PMVs) and country. Thanks to
the Google and LinkedIn search engines, practitioners were identified both in research and
in their specific skills. Next, a random sampling criterion was followed. Aware e-PMVs
users were selected through national associations (i.e., Club Monopattini Italiani and AIIT).
A total of 103 experts was selected from January to February 2020.

The survey was developed as a web questionnaire through a free platform. Although
several platforms for the survey planning and submission exist (e.g., Survio, Google form,
Fyrebox, etc.), many have shortcomings in terms of functionalities, i.e., manage matrices
and pairwise comparisons, unlimited program questions, set interfaces, and data export.
According to the required functionalities, we adopted the “SondaggioOnline” platform.
Indeed, the free-access platform enabled us to build comparisons in pairs, manage a
number of questions, and export the data in excel in order to facilitate processing. However,
the number of responses was limited in the free version (i.e., 350 responses in one month
whereas the two questionnaires required 13 and 432 answers per expert, respectively), so a
“personal” license was bought.

The survey was organised into two parts, which represented a wave of data collection.
The first part of the survey was carried out between March and April 2020, and experts were
required to evaluate each item according to an adjusted version of the Saaty’s Semantic
Scale [47–49] on a nine-point scale (Table 4). An example of the first part of the survey was
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shown in Figure 2 for the evaluations of components, and the same logic was applied to
the evaluation of the related attributes. Questions were formulated to collect data properly
for the AHP. The first part was completed by 38.8% of the panel of experts.

Table 4. The adjusted AHP rating scale adapted from [12].

Intensity of
Importance Definition Description

1 Equal importance The two items that are compared are of
equal importance

3 Moderate importance Experience and judgment moderately
favour one item over another

5 Essential or strong
importance

Experience and judgment favour one item
rather than another

7 Very strong importance Experience and judgment definitely favour
one item over another

9 Extreme importance Experience and judgment definitely favour
one item over another

2, 4, 6, 8 Intermediate values
between the two adjacent

In some cases, experience and judgment
could be better explained through

intermediate values
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Figure 2. Part 1. Example of the questionnaire for pairwise comparisons of components.

The second part of the survey was carried out in one wave of data collection between
March and April 2020. Experts were required to evaluate the long list of parameters
correlated to each attribute of each component. The judgment was expressed through a
value between 1 (the worst) and 10 (the best). An example of the second part of the survey
was shown in Figure 3. The participation rate in the second part was 10.7% of the panel
of experts.
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Figure 3. Part 2. Example of the questionnaire for the evaluation of the long list of KSPs.

A summary of the information about participation phases is reported in Table 5.
Interestingly, practitioners actively participated in the first part of the survey, unlike the
second part of parameters evaluations where academics were most numerous despite the
low number.
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Table 5. Expert panel composition and participation rate in the web survey.

Experts Involved First Part Second Part

Academics 15 8 (53.3%) 6 (40.0%)
Practitioners 69 25 (36.2%) 4 (5.7%)

Users 19 7 (36.8%) 1 (5.2%)

Total 103 40 (38.8%) 11 (10.6%)

4.3. Data Processing and Reporting: The Ranking of Parameters

According to Step (5) of the method, the AHP was applied to calculate the weights
of components and related attributes, which summarised each expert’s preferences. The
weights of each item were computed according to Equations (1) and (2), while consistency
was evaluated by eqns. from (3) to (5). The weights were reported in an aggregate manner
owing to the low number of experts interviewed. A synthesis of overall weights computed
by AHP is shown in Table 6. It reports the standard deviation and the coefficient of
variation. Table 6 is self-explanatory: the weights show the differences obtained from
experts’ opinions with respect to the methodological and sustainability components and
related attributes, respectively.

Table 6. Overall weight for the three pairwise comparisons of the questionnaire.

Components/Attributes Mean Weight Standard
Deviation

Coefficient of
Variation

Sustainability component 0.530 0.135 0.253

Safety 0.282 0.026 0.094
Environmental 0.268 0.023 0.088

Social 0.243 0.026 0.107
Economic 0.207 0.027 0.131

Methodological component 0.470 0.135 0.288

Easy availability 0.260 0.029 0.111
Measurability 0.250 0.030 0.103

Speed availability 0.245 0.033 0.151
Interpretability 0.245 0.042 0.166

As shown in Table 6, experts gave a slightly higher relevance to the sustainability
component (0.53) than the methodological one (0.47). Moreover, the quality of results is
demonstrated in Table 6 by the low values returned by the coefficient of variation close to
zero (0.253; 0.288).

On the one hand, no relevant difference was reported in the three attributes of the
methodological component because the attributes reported similar weights (25%). However,
the results of the experts’ judgment identified the ease of availability (26%) of parameters
as the most relevant attribute to consider when evaluating the methodological component.

On the other hand, there was a difference in the weight between each attribute of the
sustainability component. Practitioners and academics agreed on the primary relevance of
the safety (28.2%) and environmental (26.8%) attributes. This reflects the previous literature
results (i.e., Table 1), which are defined as primary categories of safety in terms of crash
severity, road safety, conflicts on driving behaviour; meanwhile, the environmental facets
include a sustainable modal shift and LCA. The interpretation of the resulting sustainability
was very practical. Subsequently, less weight was attributed by experts to social (24.3%)
and economic (20.7%) attributes. These results were partially expected for social instead
of economic sustainability, usually very relevant for practitioners and particularly for
public administrators.

Once the weights of components and related attributes were obtained, and marks
were given to each parameter against each attribute, the SI was computed for each KSP
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by Equations (6) to (12). Next, according to Step (6) of the method, each KSP was ranked
in decreasing order. Results are shown in Figure 4. It reports the list of top 15 KSPs that
correspond to the first quartile of the rank-ordering distribution of all KSPs. A complete
list of rank-ordering is reported in Appendix B.

Sustainability 2021, 13, x FOR PEER REVIEW 14 of 22 
 

 

Once the weights of components and related attributes were obtained, and marks 

were given to each parameter against each attribute, the SI was computed for each KSP 

by equations (6) to (12). Next, according to Step (6) of the method, each KSP was ranked 

in decreasing order. Results are shown in Figure 4. It reports the list of top 15 KSPs that 

correspond to the first quartile of the rank-ordering distribution of all KSPs. A complete 

list of rank-ordering is reported in Appendix B. 

 

Figure 4. The top KSPs. 

5. Discussions 

This cohesive method represents the first research attempt to identify and select the 

most promising KSPs regarding e-PMV performance. Consequently, these findings pre-

sent opportunities and challenges for academics, practitioners, and public administrators: 

they can be used as a starting point to evaluate and implement existing strategies or ad-

dress new ones capable of positively impacting the urban transport systems, based on the 

measurement of KSPs. However, the results obtained according to the three phases de-

scribed in Section 4 deserve interesting considerations.  

First, it is worth noting that the long list of KSPs (Appendix A) represents an original 

element of this study (phase A). Nevertheless, the construction of the long list of parame-

ters using an indirect method (i.e., literature review) is a starting point for theoretical and 

applied research. 

Second, Table 5 (phase B) provides the summary results of the participation rate in 

the survey, and it showed very different levels of response among experts in the two parts. 

There was a response of 53% of academics and 37% of practitioners and users in the first 

part. In the second part, the response rate of non-academics dropped by about 31% instead 

of 13% of academics. This drop can be explained by the different response times required 

in the two interview parts and which affects the performance of the web surveys. From 

about 10 min of the first, the second step of the questionnaire could take up to 60 min. 

Therefore, the level of participation by type of expert changes according to the time that 

can be spent on the research. 

Figure 4. The top KSPs.

5. Discussions

This cohesive method represents the first research attempt to identify and select the
most promising KSPs regarding e-PMV performance. Consequently, these findings present
opportunities and challenges for academics, practitioners, and public administrators:
they can be used as a starting point to evaluate and implement existing strategies or
address new ones capable of positively impacting the urban transport systems, based on
the measurement of KSPs. However, the results obtained according to the three phases
described in Section 4 deserve interesting considerations.

First, it is worth noting that the long list of KSPs (Appendix A) represents an original
element of this study (phase A). Nevertheless, the construction of the long list of parameters
using an indirect method (i.e., literature review) is a starting point for theoretical and
applied research.

Second, Table 5 (phase B) provides the summary results of the participation rate in
the survey, and it showed very different levels of response among experts in the two parts.
There was a response of 53% of academics and 37% of practitioners and users in the first
part. In the second part, the response rate of non-academics dropped by about 31% instead
of 13% of academics. This drop can be explained by the different response times required
in the two interview parts and which affects the performance of the web surveys. From
about 10 min of the first, the second step of the questionnaire could take up to 60 min.
Therefore, the level of participation by type of expert changes according to the time that
can be spent on the research.

Third, Figure 4 (phase C) shows that all five key criteria are represented in this list by
a different number of parameters. It is worth noting that just one economic parameter is
included. This suggests a minor (and unexpected) attention to economic facets typical in
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transport investment. Perhaps, the little amount of money involved to acquire and manage
e-PMVs might explain these results. Furthermore, the most promising set of KSPs has
high relevance to urban and transport planning and safety. Urban and transport planning
parameters are six of fifteen of the categories, and most focused on infrastructure elements
such as charging stations, number of rentals per time slot, and the presence of priority
lanes for e-PMVs on the road. There were five safety parameters that generally focused on
traffic rules for speed and crashes, including the number of crashes and injuries.

Finally, to further investigate the relevance of the main parameters identified from the
proposed cohesive method, we evaluated if the 15 top ranked KSPs are considered equally
important in the literature. Consequently, we generate a new ranking of 15 top KSPs
through a citation score, i.e., the number of occurrences (or repetitions) of a parameter in
the literature considered (Table 1). Figure 5 shows the differences between the two different
rankings. Specifically, the literature mainly utilised environmental parameters, unlike
the most promising parameters of Urban and transport planning and safety retrieved
from the cohesive method. Moreover, commonalities were also observed among the top-
15 KSP lists: population density and distance from the city centre (Urban and transport
planning), air quality (Environmental), time savings (Economic), km travelled (Social), and
the number of injuries (Safety). However, the previous studies (see Table 1) included an
average of 1–2 shared top KSPs, demonstrating the originality of the results obtained in
this study. The partial exception is the study of Bai & Jiao [20], which have identified six of
fifteen top sub-parameters belonging mainly to the key criteria of Urban and Transport
planning. Nevertheless, this difference might be observed because many studies start
from parameters already in use in current research. In contrast, the proposed method
is an objective alternative that involves other subjects who operate with different skills
than academics.
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6. Conclusions

Owing to the recent invasion of electric-powered personal mobility vehicles (e-PMVs)
in many cities worldwide, understanding how to evaluate and monitor their performance
is crucial. Therefore, it is essential to identify key sustainable parameters (KSPs) to inform
on the excellences and criticalities of e-PMVs. Although studies on e-PMVs are constantly
growing, and this field of study is still experimental, previous research has focused largely
on models and methods to measure and manage some KSPs. Conversely, it did not
investigate objective methods for identifying and selecting the top KSPs.
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To address these gaps, this study contributed to the growing literature on e-PMVs in a
threefold manner:

• Identification of a long (and to-date mostly complete) list of KSPs organised into key
criteria, parameters and sub-parameters, which affect the performance of e-PMVs.

• Proposal of a new cohesive approach that identified top KSPs from a long list and
pointed out the most promising. More precisely, this approach applied a participatory
approach and an objective method of weighting and ranking each KSP. The former
approach used data collected by an Italian web survey involving academics, practi-
tioners, and aware e-PMV users. The latter approach applied both an AHP, which
processed data on the relevance of components and related attributes and a method
that computed a score for each KSP. Hence, subjective data (i.e., judgments from
experts) are managed to achieve objective conclusions (i.e., the score of each KSP).

• Comparison of outcomes obtained the cohesive approach and by the number of
occurrences of each parameter gathered from the literature. A set of six common KSPs
was isolated.

• The relevant implications of this study are:
• The identification of the top KSPs may help stakeholders collect e-PMV data in detail

and for benchmark purposes.
• The high degree of applicability of the cohesive approach is not strictly linked to the

KSPs of e-PMVs but can be generalised for other transportation modes.
• The opportunity to assess e-PMVs among cities according to a common set of KSPs.

To the best of the authors’ knowledge, this is the first study that provided a set of
KSPs to monitor the performances of e-PMVs according to an objective method.

To conclude, this study presents some shortcomings that raise issues for future re-
search agendas.

First, the long list of KSPs was collected from an international literature review, but the
selection of experts is national (Italian). Therefore, the study has a national viewpoint and
is small in scale compared to the large number of cities characterised by the use of e-PMVs.
Consequently, the study has not considered the possible tradeoff between the specificity of
the local and general conditions or the comparability of the selected parameters. However,
this limitation could influence the overall results and not the methodology, which is quite
generalisable and driven by specific and well-recognised literature reviews. Indeed, the
methodology presented here is flexible and applicable to any urban context. The panel of
experts considered is decisive, as it is reasonable to think that each expert might provide
an assessment that implicitly includes the country in which it operates. For instance, in
Italy, where e-PMVs are an emerging transport mode, the most promising KSP obtained
by the cohesive method is charging infrastructure; conversely, in countries where this
transport mode is consolidated, it could have a different parameter ranking. Moreover,
the heterogeneity of countries in their level of development may affect the input data
of some parameters. For instance, the setting of a level of service of a spatial parameter
(e.g., distance from the city centre) may change: developed countries might adopt a level
of service stricter than the developing ones (e.g., 400 m vs. 800 m). However, these
differences do not impede measuring the same KSP, even if the benchmark may be biased.
Consequently, the long list constitutes an initial milestone, and future research should
improve it through interviews with experts from many countries to effectively verify if and
how local conditions could affect the choice of KSPs.

Second, the lower data of participation rate in the second part of the survey showed a
shortcoming of the method: the outcome mark of each KSP against each attribute consists
of a very large number of judgments (i.e., 432 values), which often frighten the expert.
Indeed, it could represent an impediment to reaching a more shared evaluation. Despite
the participation rate achieved from this study not being too different from web-based
surveys [59], future perspectives may either broaden the sample of experts or carry out
a Monte Carlo simulation on existing (and few) data. The application of a stochastic
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model could reduce or eliminate the bias of coverage of the small sample of experts and,
consequently, their judgments [60].
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Appendix A

Table A1. Classification of parameters.

Key Criteria Parameters Sub-Parameters Sub-Sub-Parameters

Economic
User costs Time savings -

Cost of travel -

Environmental

Energy saving Battery capacity -
Urban transport choices -

Consumption of energy use -
Use of renewable energy Recharging

CO2 release For transport from the manufacturers -
For materials and production processes -

Charging stations -
Per person/km -

Other emissions Air quality -
Interchangeable battery use -
Life cycle assessment (LCA) -
e-PMV daily management -
Fuel consumption types -

The durability of functional safety systems Personal and System equipment
Noise pollution -

Safety

Crashes Number of injuries Orthopaedic
Polytrauma

Head lesions
Musculoskeletal system

Number of crashes -

Perception of safety By pedestrians -
By e-PMVs users -

Vehicle features Optional device Acoustic signaling
Warning lights and indicators of

rear visibility
Steering capacity

Anti-tampering measures
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Table A1. Cont.

Key Criteria Parameters Sub-Parameters Sub-Sub-Parameters

Vehicle speed limitation (by design)
Combined anti-lock and brake

systems
Automatic lighting switching

Adaptation of the geofencing cycle
infrastructure

Traffic rules Knowledge of road regulations for e-PMVs -
Use of helmet

Users under alcoholic/drug effects
Irresponsible driving behaviour

Safety campaigns
Legal speed limits -

The speed limit for different areas (centre) -
Vehicle speed -

Use of personal protective equipment -

Social

Impact on people’s
lives Social equity Gender, income, race, employment,

education, etc.
Characteristics of the

population
Number of trips -

Type of service users Average age
Km travelled -
Travel time -

Breakdown by social classes Use associated with high occupancy
rate areas

Urban and
transport
planning

Infrastructure User visibility at different speeds -
Paths reserved for e-PMVs -

Presence of shared paths on sidewalks -
Presence of priority lanes -
Charging infrastructure -

Park space conflict -
Road obstruction -

The infrastructure where e-PMVs are
allowed -

Presence of shared paths with cyclists -
Number of rentals by time slots -

Transport impacts Mobility improvement -
Modes of transport replaced with e-PMVs -

Efficient use of urban space -
User comfort Multimodality

Attractors

Park areas (allowed and not allowed) -
Proximity to shopping centres -

Proximity to schools -
Proximity to offices -

Distance from the city centre -
Use associated with institutional pole

areas -

Urban centre
features Population density -
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Appendix B

Table A2. The overall ranking of sub-parameters.

N. Key Criteria Parameters Sub-Parameters Classification SI

1 Urban and transport planning Infrastructure Charging infrastructure 8.18
2 Safety Traffic rules Vehicle speed 8.04
3 Safety Crashes Number of crashes 7.86
4 Safety Traffic rules Legal speed limits 7.73
5 Urban and transport planning Urban centre features Population density 7.70

6 Social Characteristics of the
population Km travelled 7.68

7 Safety Traffic rules The speed limit for different areas
(centre) 7.68

8 Environmental Other emissions Air quality 7.58
9 Economic User cost Time savings 7.55
10 Environmental Energy saving Battery capacity 7.48
11 Urban and transport planning Infrastructure Number of rentals by time slots 7.46
12 Safety Crashes Number of injuries 7.45
13 Urban and transport planning Attractors Distance from the city centre 7.45
14 Urban and transport planning Infrastructure Presence of priority lane 7.41
15 Urban and transport planning Attractors Proximity to schools 7.40

16 Urban and transport planning Infrastructure The infrastructure where e-PMVs
are allowed 7.33

17 Urban and transport planning Attractors Proximity to shopping centres 7.29
18 Environmental Energy saving Use of renewable energy 7.25
19 Urban and transport planning Infrastructure Paths reserved for e-PMVs 7.23
20 Urban and transport planning Infrastructure Road obstruction 7.23

21 Urban and transport planning Transport impacts Modes of transport replaced with
e-PMVs 7.22

22 Social Characteristics of the
population Number of trips 7.18

23 Environmental Other emissions Life cycle assessment (LCA) 7.10

24 Social Characteristics of the
population Travel time 7.02

25 Environmental Other emissions Noise pollution 7.01
26 Environmental CO2 release Per person/km 6.99

27 Urban and transport planning Infrastructure Presence of shared paths with
cyclists 6.97

28 Urban and transport planning Infrastructure Presence of shared paths on
sidewalks 6.96

29 Urban and transport planning Transport impacts Efficient use of urban space 6.94
30 Urban and transport planning Attractors Proximity to offices 6.94

31 Safety Traffic rules Use of personal protective
equipment 6.92

32 Urban and transport planning Attractors Park areas (allowed and not
allowed) 6.91

33 Environmental Other emissions Interchangeable battery use 6.88
34 Environmental Other emissions Fuel consumption types 6.87
35 Environmental Energy saving Consumption of energy use 6.85

36 Environmental Other emissions The durability of functional safety
systems 6.83

37 Safety Traffic rules Knowledge of road regulations for
e-PMVs 6.79

38 Environmental Energy saving Urban transport choices 6.76
39 Urban and transport planning Infrastructure Park space conflict 6.70
40 Urban and transport planning Transport impacts Mobility improvement 6.68
41 Safety Vehicle features Optional device 6.66
42 Economic User costs Cost of travel 6.64
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Table A2. Cont.

N. Key Criteria Parameters Sub-Parameters Classification SI

43 Environmental CO2 release Materials and production processes 6.64
44 Social Impact on people’s lives Social equity 6.64
45 Environmental Other emissions e-PMV daily management 6.58
46 Urban and transport planning Transport impacts User comfort 6.56

47 Social Characteristics of the
population Type of service users 6.44

48 Environmental CO2 release Charging stations 6.36
49 Safety Perception of safety By pedestrians 6.35
50 Safety Perception of safety By e-PMVs users 6.33

51 Environmental CO2 release For transport from the
manufacturers 6.21

52 Urban and transport planning Infrastructure User visibility at different speeds 6.15

53 Social Characteristics of the
population Breakdown by social classes 5.74

54 Urban and transport planning Attractors Use associated with institutional
pole areas 5.40
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