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Abstract: Sustainable transport frameworks are gaining attention within national and international
transportation policies, given the key role that decarbonisation plays in making urban environments
people-friendly. Within this context, several shared services and micro-mobility options are being
developed, especially as first/last mile facilities, further increasing public transport coverage levels.
We present an overview of the environmental impacts of different transport modes and compare
them from different perspectives, namely, CO2 emission levels, total costs (also including the user
generalised cost) and service life of vehicles involved. The proposed methodology is applied to an
urban context, using real trip data and showing the main findings under real conditions.

Keywords: sustainable transport modes; micro-mobility options; CO2 emissions; user generalised
cost; vehicle service life

1. Introduction

Transportation systems have a crucial role to play in the quality of life and accessibility
of metropolitan areas. However, they also generate externalities that affect the livability
of urban environments, such as congestion, air and noise pollution. For this reason, the
features of a sustainable mobility framework are at the forefront of public debate, aiming to
make transport facilities environmentally friendly, whilst still being efficient and attractive
for users.

Within this context, so-called push & pull policies form a key strategy. While aiming
to discourage the use of private cars, they are also designed to promote public transport
and other sustainable mobility options. The former goal can be achieved, for instance,
by establishing restricted traffic zones or by setting appropriate parking fees. However,
it is fundamental to accompany such measures with efficient public transport services;
otherwise, mobility needs will remain unmet. Therefore, the necessity of a multimodal
approach is clear. For this purpose, new mobility paradigms (such as alternatively powered
vehicles and shared services) are becoming increasingly common and gaining substantial
public interest.

In this regard, one of the main issues to be addressed is a new understanding of car
use: when asked what cars are for, most would undoubtedly say that they were for moving
around. Unfortunately, this response is mistaken in most urban contexts, since a car could
be defined as an ornamental object, which is born to be stationary. The basis for such
a provocative definition lies in the fact that, especially in urban contexts, most cars are
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used, at most, for 2–3 h in a day, which represents a utilization rate of lower than 15%.
Hence, the main use of cars in urban areas is as stationary objects. This means that we have
three alternatives:

• Conceive and design cities as places for parked cars (parking lots rather than roads
need to be built);

• Increase the utilization of cars through car-sharing solutions (to change their primary
use) and/or reduce the number of parked vehicles in urban centres by car-pooling (to
increase the number of passengers carried by each vehicle);

• Adopt micro-mobility solutions as an alternative means to cars, either directly (in the
case of trips made entirely with micro-mobility vehicles) or indirectly (in the case of
adduction system to increase the attractiveness of public transport with respect to
private cars).

Obviously, from a sustainable perspective, the first proposal should be avoided, while
the second and, especially, the third, are strongly recommended.

Within this framework, we assess the sustainability features of micro-mobility services
and compare them to other mobility options from different perspectives. However, the
main novelty of this paper is the use of real data on urban trips with e-scooters in a context
(the city of Naples, Italy) where there are several public transport systems (buses, subways,
funicular, sharing services, etc.).

The remain of the paper is organized as follows: Section 2 provides a literary review
of the environmental impacts of different transport modes; Section 3 describes different
perspectives that should be adopted for a fair comparative analysis; Section 4 illustrates
an application to a real urban context; finally, Section 5 presents conclusions and future
research insights.

2. Literary Review on Emission Factors of Different Transport Modes

In this section, we present an assessment of the emission factors proposed in the
literature in the last decade for different transport systems. First, as shown by [1], an
important distinction needs to be made: emission factors can only be related to the use
phase (i.e., Tank-to-Wheels (TtW)) or to the entire life-cycle (i.e., Life Cycle Assessment
(LCA)) of the vehicles involved. The latter includes the production, transport and final
disposal of vehicles, as well as the fuel life cycle (i.e., Well-to-Wheels (WtW)) until its end
use in vehicles. Both traditional and alternatively powered transport modes have been
analysed, namely, walking, cycling (conventional bike and e-bike), moped (conventional
and electric), cars and buses (petrol, hybrid and electric). It is worth noting that rail systems
are not involved since the reference condition is limited to an urban context where trips
do not generally exceed 2 km in length [2]. Moreover, our analysis focuses on passenger
transportation [3], neglecting freight modes. Various methods can be found in the literature
for the emissions computation process [4–14]; however, in the following, the assessment
of unitary emission factors proposed in the literature is discussed for each mode, and
a synoptic view is finally proposed. Emission factors are expressed in terms of CO2-eq
(considering the global warming impact of different greenhouse gases, such as nitrous
oxide, ozone and chlorofluorocarbons) and as unit coefficients (with regard to a single
passenger and a predefined unit of length, i.e., a kilometre).

As shown by [15], active modes, such as walking and cycling, cannot be defined as
emission-free since they require a human physical effort and, hence, an energy expenditure.
For this reason, in general, related studies refer to emissions related to the production
process of the food required to cover a certain distance by walking or cycling (see, for
instance, [16,17]). The European Cyclists Federation (ECF) [18] states that the average
European diet is responsible for 1.44 gCO2-eq per calorie of consumed food. Therefore,
given the total amount of burned calories, an estimate can be made. However, the range
varies considerably, since a meat-based diet generates higher emissions than a vegetarian
diet [19], and the respective speeds of pedestrians and cyclists can be very changeable [20].
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Obviously, in the case of walking, there is no point talking about LCA while, in the case
of the cycling mode, the emissions related to the manufacturing/disposal of the vehicles
involved, i.e., conventional bikes, need to be considered when computing emissions within
a life cycle assessment. According to [16], manufacturing emissions related to conventional
bikes amount to 5 gCO2-eq/km, against the 7 gCO2-eq/km of an e-bike. However, this
strongly depends on the kind of battery involved and the related life cycle [21]. As shown
by [22], e-bikes are often used as shared services, together with other micro-mobility
options, such as electric scooters, segways, hoverboards and monowheels. Micro-mobility
indicates short trips with small vehicles, mainly electrically powered, which can generally
host just one passenger [23]. It plays a key role, especially as a first/last mile service [24–26].
This allows for strong integration between different modes and leads to Mobility-as-a-
Service (MaaS) scenarios where services, as well as fares, are fully integrated to the benefit
of users [27–30].

With regard to e-scooter services, several papers have addressed their environmental
impacts. However, few make the fundamental distinction between the analysis of emissions
in the use phase and during the entire life cycle [31–33]. For instance, [33] made an
important distinction among the different phases involved in LCA assessment and stated
that a unit emission factor of 5 gCO2-eq/(pax*km) can be associated with the use phase,
compared to a coefficient of 131 gCO2-eq/(pax*km) for the entire life cycle.

For motorised two-wheelers, conventional mopeds are generally compared to their
electric counterparts (see, for instance, [34,35]) which, in turn, are frequently compared with
other electric vehicles (see, for instance, [36,37]). Clearly, in the first case, a greener power
supply plays a positive role from a sustainable perspective. By contrast, for the second
comparison, the fact that electric mopeds are generally faster than e-bikes or electric micro-
vehicles means that they can cover more kilometres within the same service-life duration.
For instance, within the European context, ref. [38] proposed, for electric motorcycles with
a displacement of 50 cc, an LCA emission factor of 76 gCO2-eq/(pax*km); this value rises
to 80 gCO2-eq/(pax*km) in the case of greater displacements. On the other hand, for
conventional mopeds of the same displacement, the paper shows an LCA emission factor of
85 gCO2-eq/(pax*km) and 175 gCO2-eq/(pax*km), respectively. Indications of the emission
factors that are limited to the operating phase can be found in [39].

In the case of cars and buses, hybrid solutions have also been considered. As shown
by [40], the flexibility and convenience of using private cars are hard to achieve with other
transport modes. Therefore, finding a greener power supply for such a solution proves
fundamental. For instance, [1] proposed an LCA emission factor for hybrid and electric
cars of around 150 gCO2-eq/(pax*km), which rises to 260 gCO2-eq/(pax*km) in the case of
internal combustion vehicles. As shown by [41], in the case of electric cars, amongst others,
issues of charging time, lack of charging infrastructure and single-fuelling travel range (in
terms of kilometres) need to be addressed. Noteworthy discussions on trends and future
developments in the case of hybrid and electric cars can be found in [42,43].

Finally, regarding transit systems, the most promising scenario is based on the adop-
tion of e-fleets, which are frequently associated with fully automated management frame-
works [44–47]. Noteworthy estimates of related emission factors can be found in [48,49].
However, the higher carrying capacity of buses reduces the value of CO2 emissions per
individual user. For instance, according to [38], an LCA factor emission of 260 gCO2-
eq/(pax*km) can be estimated for electric cars, against a value of 25.7 gCO2-eq/(pax*km)
for e-buses.

An overview of the above literature is shown in Table 1. where, for each analysed
transport mode, a range of emission factors is presented, distinguishing only between
the use phase and the entire life cycle assessment. Likewise, Figures 1 and 2 provide a
synopsis of the identified ranges in the case of the operating phase and entire life cycle
assessment, respectively.
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Table 1. Overview of unit emission factors for each analysed transport mode, both in the case of use
phase and LCA.

Transport
Mode

Range Values for Unit Emission Factors
[gCO2-eq/(pax*km)]

Use Phase Life Cycle Assessment (LCA)

Walking [20–30] –
E-scooter [5–6] [70–80]

Bike [15–20] [20–25]
E-bike [5–10] [15–20]
Moped [50–90] [80–180]

E-moped [25–35] [50–75]
Internal combustion car [120–170] [200–270]

Hybrid car [80–120] [60–160]
Electric car [40–100] [80–150]

Internal combustion bus [10–70] [20–35]
Hybrid bus [9–50] [25–75]
Electric bus [10–60] [20–30]
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Figure 1. Range values for unit emission factors in the case of the use phase.

However, focusing only on the emissions provided by each transport mode provides a
partial perspective of the sustainability of each mobility system. Therefore, in the following,
different comparison criteria are proposed, providing a fairly comprehensive analysis.

The analysis of the data shown in Table 1 and Figures 1 and 2 shows that the occupancy
coefficient plays a fundamental role in defining the environmental impacts of transportation
systems. Indeed, cars have the worst performance in terms of gCO2-eq/(pax*km) emissions,
even in the case of hybrid or electric vehicles. Similarly, a bus has less impact due to the high
number of people that are transported, even in the case of an internal combustion engine.



Sustainability 2022, 14, 7960 5 of 20Sustainability 2022, 14, x FOR PEER REVIEW 5 of 20 
 

 
Figure 2. Range values for unit emission factors in the case of the entire life cycle. 

3. Methodologies for Comparing Transportation Systems in a Sustainable Perspective 
Comparing different transport modes by considering only relative emissions yields 

a biased analysis of the degree of sustainability associated with each mobility system. For 
this reason, three different criteria are proposed to perform a comprehensive and accurate 
comparison of urban transport systems from a sustainable perspective. 

The first criterion is the most widely used and concerns the level of emissions. How-
ever, as was previously pointed out, a key distinction needs to be made between the sole 
use phase of a certain vehicle and its entire life cycle. For instance, electrically powered 
modes can be defined by their having zero local emissions. However, electric vehicles, as 
well as the electricity required to run them, need to be produced, which greatly affects 
their environmental impact. Furthermore, in the case of shared services, a particular phase 
needs to be considered, i.e., the process including pick-up for charging, actual charging 
and re-positioning of the vehicles. As shown by [32], this phase can account for 40% of the 
total emissions of a shared mode. Therefore, to provide an accurate comparison of the 
different transport systems, the above amount should be neglected. In this case, the emis-
sion factors shown in Table 1 are considered. As mentioned above, they are expressed in 
terms of CO2-eq and pertain to an individual passenger and a predefined unit of length. 
In this way, given the carrying capacity of each vehicle, as well as the spatial patterns 
covered by trips made with different modes, total emissions can be derived, thus provid-
ing a fair comparative analysis. In particular, for each analysed transport mode, it can be 
stated that: 

TEm = ζm · dm · nm (1) 

where TEm is total emissions related to mode m; ζm is the unit emission factor for mode m; 
dm is the distance covered by each trip undertaken with mode m; nm is the number of trips 
undertaken with mode m. 

The second criterion consists of considering the total cost associated with a specific 
transport mode. This can be defined, for each transport mode m, as the sum between ex-
ternalities (expressed in monetary terms) and the user-generalised cost, as shown below: 

TCm = ECm + UGCm (2) 

0
20
40
60
80
100
120
140
160
180
200
220
240
260
280

gCO2-eq/(pax*km)

Figure 2. Range values for unit emission factors in the case of the entire life cycle.

3. Methodologies for Comparing Transportation Systems in a Sustainable Perspective

Comparing different transport modes by considering only relative emissions yields a
biased analysis of the degree of sustainability associated with each mobility system. For
this reason, three different criteria are proposed to perform a comprehensive and accurate
comparison of urban transport systems from a sustainable perspective.

The first criterion is the most widely used and concerns the level of emissions. How-
ever, as was previously pointed out, a key distinction needs to be made between the sole
use phase of a certain vehicle and its entire life cycle. For instance, electrically powered
modes can be defined by their having zero local emissions. However, electric vehicles, as
well as the electricity required to run them, need to be produced, which greatly affects
their environmental impact. Furthermore, in the case of shared services, a particular phase
needs to be considered, i.e., the process including pick-up for charging, actual charging and
re-positioning of the vehicles. As shown by [32], this phase can account for 40% of the total
emissions of a shared mode. Therefore, to provide an accurate comparison of the different
transport systems, the above amount should be neglected. In this case, the emission factors
shown in Table 1 are considered. As mentioned above, they are expressed in terms of
CO2-eq and pertain to an individual passenger and a predefined unit of length. In this
way, given the carrying capacity of each vehicle, as well as the spatial patterns covered
by trips made with different modes, total emissions can be derived, thus providing a fair
comparative analysis. In particular, for each analysed transport mode, it can be stated that:

TEm = ζm · dm · nm (1)

where TEm is total emissions related to mode m; ζm is the unit emission factor for mode m;
dm is the distance covered by each trip undertaken with mode m; nm is the number of trips
undertaken with mode m.

The second criterion consists of considering the total cost associated with a specific
transport mode. This can be defined, for each transport mode m, as the sum between
externalities (expressed in monetary terms) and the user-generalised cost, as shown below:

TCm = ECm + UGCm (2)
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where TCm is the total cost related to mode m; ECm is the cost associated with the externali-
ties produced by mode m; UGCm is the user-generalised cost related to mode m.

Externalities generally include the side effects related to a certain transport mode
(such as air and noise pollution, accidents, etc.); in our case, we focused on CO2 emissions.
Therefore, value ECm can be obtained by expressing the total emissions TEm computed
through Equation (1) for that specific transport mode in monetary terms. By contrast,
user-generalised cost is considered as the sum of time rates and monetary costs that a
user incurs to undertake a certain trip. Travel time rates must be considered in all cases,
with different orders of magnitude according to the speeds involved. Other quantities
also need to be determined according to the specific transport system being analysed.
Typically, in the case of a transit system, in addition travel times, access/egress times (for
reaching/leaving the stop), waiting times (waiting for the approaching bus) and fares have
to be considered. The space–time continuity of private cars causes the above additional
time rates to equal zero; however, in this case, parking charges need to be added and rental
costs have to be considered in the case of shared vehicles. In light of the above, a total
cost approach provides a more realistic comparative view, enriching the analysis with a
passenger-oriented perspective. This is a crucial factor, since each transport system is not
an end in itself, but its prime aim is to transport people (and goods).

The third approach aims to provide a synoptic indicator that describes the sustainabil-
ity level of a certain transport system by also considering the relative mass and service life
duration, i.e.,

Im = MVm/SLm (3)

where Im is the KPI related to mode m; MVm is the mass associated with the vehicle used in
the case of mode m; and SLm is the service life of the vehicle used in the case of mode m.

These two elements (i.e., mass and the service life of the adopted vehicle) are both
crucial for considering emission levels. Clearly, the larger the vehicle, the more burdensome
the production, transport and disposal phases. Moreover, according to Newton’s well-
known laws of motion [50], to move a greater mass, we need more power. In the case of
electric vehicles, this means producing, and ultimately disposing of, batteries. Further,
it is clear that, when higher speeds are allowed, the vehicle in question can cover more
kilometres, its service life being equal.

Finally, a further indicator is introduced, namely, I′m, which can be obtained by scaling
the synthetic indicator Im according to the carrying capacity CCm associated with the vehicle
used for mode m, that is:

I′m = Im/CCm (4)

Considering the carrying capacity of transport modes allows us to make our analysis
more accurate and avoids a biased outcome, as will be shown in the application section.

4. Application to a Real Urban Context

To show the feasibility of the proposed approach, it was applied to a real urban context,
i.e., the city of Naples, in southern Italy. The application was implemented in two phases:

• Phase 1: one or more models were set up to describe user behaviour in terms of
e-scooter trips;

• Phase 2: the environmental performance of e-scooters was compared to that of other
transportation systems.

All analyses were implemented with the e-scooter choice as a benchmark indicator.
Figure 3 shows the analysed area, which is represented by the city centre, where

census tracts are reported as red-bordered areas and public transport (rail, underground
and funicular) stations as blue points.
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4.1. Model Definition to Describe User Behaviour

To set up one or more models to describe the behaviour of users travelling by e-scooter,
we analysed real data concerning user trips. The data were obtained from an e-scooter
rental company in Naples. They refer to two consecutive working days with similar weather
conditions. Below, we will conventionally identify these days as Day 1 and Day 2.

To build a robust model and verify its reproducibility, we used the Day 1 data to
calibrate the models (i.e., to build models capable of reproducing the surveyed data) and
those of Day 2 for validation (i.e., to verify how well the models are able to “predict” the
data from Day 2).

The calibration task of a model may be divided into three phases: specification,
calibration and validation. The validation task of a model is identified by a single phase:
validation. Although tasks and phases may have the same terms (i.e., calibration task and
calibration phase, or validation phase and validation task), they represent different steps in
the procedure to build a robust model.

However, in the case of the calibration task, the specification phase consists of defining
the functional form of the model, the input and output variables. The calibration phase
entails identifying the numerical values of the coefficients of the function identified in the
specification phase. Finally, the validation phase consists of determining whether the model
is able to reproduce the physical phenomenon described by the data used for calibration
(in this application, the data from Day 1).

Likewise, in the case of the validation task, the validation phase consists of checking
whether the model calibrated using a database (for instance, Day 1 data) is able to reproduce
a different database (for instance, Day 2 data).

By adopting the above procedure, after numerous attempts, we determined three
models that could describe the behaviour of users travelling by e-scooter. First of all, it is
necessary to establish the pedestrian influence area of a census tract as the circular area
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with a radius of 300 metres (corresponding to the distance travelled in 5 min at a pedestrian
speed of 1 m/s), with the census tract as its centre. According to this definition, the first
model provides the daily number of trips generated by a census tract according to the
following formula:

N_Geni = α1 · N_Resi + α2 · N_Empi + α3 · Dist_Stationi (5)

where N_Geni is the number of e-scooter trips generated in the pedestrian influence area of
the i-th census tract; N_Resi is the number of residents in the pedestrian influence area of
the i-th census tract; N_Empi is the number of employees in the pedestrian influence area of
the i-th census tract; Dist_Stationi is the distance (expressed in metres) of the census tract
centre from the nearest public transport station; α1, α2 and α3 are the three parameters that
are to be calibrated.

Likewise, the second model provides the daily number of trips attracted by a census
tract according to the following formula:

N_Attri = β1 · N_Resi + β2 · N_Empi + β3 · Dist_Stationi (6)

where N_Attri is the number of e-scooter trips attracted in the pedestrian influence area of
the i-th census tract; β1, β2 and β3 are the three parameters that are to be calibrated.

Finally, the third model provides the daily number of trips generated or attracted by a
census tract according to the following formula:

N_Tripsi = γ1 · N_Resi + γ2 · N_Empi + γ3 · Dist_Stationi (7)

where N_Tripsi is the number of e-scooter trips generated or attracted in the pedestrian
influence area of the i-th census tract; γ1, γ2 and γ3 are the three parameters that are to
be calibrated.

As the third model may be expressed as the sum of the two previous models, that is,

N_Tripsi = N_Geni + N_Attri (8)

it may be stated that:
γ j = α j + β j ∀ j ∈ {1, 2, 3} (9)

However, although the specification and calibration phases may be superfluous for
the third model, the validation phases give rise to results that cannot be expressed as the
sum of the performances achieved in the first two models.

The three proposed models express the same phenomenon from different perspectives.
By providing the number of trips generated by an area (emission model), the first model
expresses the tendency to use e-scooters to reach neighbouring areas. The results of the first
model may be adopted as a proxy value of the active accessibility (i.e., the ability/easiness
of reaching neighbouring areas).

Similarly, the second model, by providing the number of trips attracted to an area
(attraction model), expresses the tendency to use e-scooters to be reached from neighbouring
areas. The result of this model may be adopted as a proxy value of the passive accessibility
(i.e., the ability/ease of being reached from neighbouring areas).

Since in real cases there are not only emission zones or only attractive zones (there
could be zones with mixed behaviours), and some movements could use the e-scooter
for both the outward and return trips, a third model has been proposed, which can be
expressed as a sum of the previous ones, considering both the areas with a mixed vocation
(emission plus attraction) and the outward and return trips.

Details of the calibration and validation tasks are given in Tables 2–4, and Figures 4–6
provide a comparison of the surveyed trips (real data) and model trips (estimated data) in
terms of a scatter plot graph, both for Day 1 (calibration data) and Day 2 (validation data).
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Function tests (i.e., R2, R2adj and F-test) in Tables 2–4 provide the numerical description
(i.e., performance) of Figures 4–6.

Table 2. Calibration and validation results of Model 1.

Calibration Task
(Day 1 Data)

Validation Task
(Day 2 Data)

Parameter Value t–Value Threshold Confidence
Level t–Value Threshold Confidence

Level

Parameter
tests

α1 +0.00171016 9.59 2.21 94.5% 8.73 2.21 94.5%
α2 +0.00759030 49.89 2.21 94.5% 45.41 2.21 94.5%
α3 –0.00564263 2.24 2.21 94.5% 2.04 2.21 94.5%

Test Name Value Threshold Confidence
Level Value Threshold Confidence

Level

Function
tests

R2 0.577 - - 0.592 - -
R2adj 0.576 - - 0.591 - -
F–test 776.8 5.94 99.9% 641.9 5.94 99.9%

Table 3. Calibration and validation results of Model 2.

Calibration Task
(Day 1 Data)

Validation Task
(Day 2 Data)

Parameter Value t–Value Threshold Confidence
level t–Value Threshold Confidence

level

Parameter
tests

β1 +0.00164309 9.34 2.21 94.5% 8.52 2.21 94.5%
β2 +0.00792477 52.79 2.21 94.5% 48.13 2.21 94.5%
β3 −0.00708747 2.85 2.21 94.5% 2.60 2.21 94.5%

Test Name Value Threshold Confidence
Level Value Threshold Confidence

Level

Function
tests

R2 0.612 - - 0.597 - -
R2adj 0.611 - - 0.597 - -
F–test 883.1 5.94 99.9% 731.0 5.94 99.9%

Table 4. Calibration and validation results of Model 3.

Calibration Task
(Day 1 Data)

Validation Task
(Day 2 Data)

Parameter Value t-Value Threshold Confidence
level t-Value Threshold Confidence

Level

Parameter
tests

γ1 +0.00335325 9.59 2.21 94.5% 8.73 2.21 94.5%
γ2 +0.01551506 51.99 2.21 94.5% 47.30 2.21 94.5%
γ3 −0.01273010 2.57 2.21 94.5% 2.34 2.21 94.5%

Test name Value Threshold Confidence
Level Value Threshold Confidence

Level

Function
tests

R2 0.602 - - 0.604 - -
R2adj 0.602 - - 0.603 - -
F-test 850.0 5.94 99.9% 701.3 5.94 99.9%
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Model outcomes in terms of trips can be represented in terms of heat maps. For each
model, the real data from Day 1 (calibration data), the real data from Day 2 (validation
data) and model data (estimated trips) were compared. A comparison of the heat maps
shows that:

• Day 1 real data are very similar to those of Day 2, as they were similar days in terms of
weather conditions, which provides a similar value of trips in terms of both quantity
(number of trips) and distribution (trip density).

• The model data reproduce both Day 1 data (calibration data) and Day 2 data (validation
data) well, confirming the heat maps’ ability to reproduce the physical phenomenon.

The heat maps representing real and model data in the case of the daily number of
trips generated by census tracts (i.e., Model 1) are shown in Figures 7 and 8. Likewise, heat
maps representing real and model data in the case of the daily number of trips attracted by
census tracts (i.e., Model 2) are shown in Figures 9 and 10. Finally, heat maps representing
real and model data in the case of the daily number of trips generated or attracted by census
tracts (i.e., Model 3) are shown in Figures 11 and 12.
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The analysis of the heat maps (Figures 7–12) confirms what was anticipated with the
scatter plots (Figures 4–6), i.e., Day 1 and Day 2 are very similar, and the developed models
can reproduce both the calibration data (Day 1) and validation data (Day 2).

Obviously, since the meteorological conditions are similar in the examined days,
the model could not capture the variability in the use of e-scooters depending on me-
teorological factors, and could only capture the variability in static factors such as the
number of residents, the number of employees and the distance from the stations of the
public transport.

In particular, the presence of a negative coefficient associated with distance from the
stations (i.e., the greater the distance, the lower the propensity to use e-scooters) highlights
the tendency to use e-scooters not only for monomodal trips (i.e., those made entirely
by e-scooter) but also for multimodal trips where the e-scooter represents a system of
adduction to public transport.
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These data ire extremely relevant as they identify scooters as a possible tool to increase
the area of influence of public transport, thereby increasing its attractiveness.
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4.2. Comparison among Transport Modes

Given the total amount of kilometres covered and a specific occupancy coefficient
according to the analysed mode, through Equation (1), we may compute total emissions,
both for the entire life cycle and only the use phase, for each assessed transport system.
The only exception is the walking mode for which, as already noted, there is no point
discussing LCA.

Related results are shown, respectively, in Tables 5 and 6, for both days in question. Red
values show less sustainable modes while green values indicate the most environmentally
friendly systems.
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Table 5. Comparison of different transport modes, in terms of CO2 total emissions, related to the
whole life cycle assessment.

Transport
Mode

Life Cycle Assessment

Day 1 Day 2

Total Emissions
[gCO2-eq]

Percentage
Variation

[%]

Total Emissions
[gCO2-eq]

Percentage
Variation

[%]

Walking

E-scooter 180.83 100% 193.76 100%

Bike 54.25 30% 58.13 30%

E-bike 42.19 23% 45.21 23%

Moped 313.43 173% 335.85 173%

E-moped 150.69 83% 161.47 83%

Internal
combustion car 566.59 313% 607.11 313%

Hybrid car 265.21 147% 284.18 147%

Electric car 277.27 153% 297.10 153%

Internal
combustion bus 66.30 37% 71.05 37%

Hybrid bus 120.55 67% 129.17 67%

Electric bus 60.28 33% 64.59 33%
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Table 6. Comparison of different transport modes, in terms of CO2 total emissions, related to the
use phase.

Transport
Mode

Use Phase

Day 1 Day 2

Total Emissions
[gCO2-eq]

Percentage
Variation

[%]

Total Emissions
[gCO2-eq]

Percentage
Variation

[%]

Walking 57.87 436% 62.00 436%

E-scooter 13.26 100% 14.21 100%

Bike 42.19 318% 45.21 318%

E-bike 18.08 136% 19.38 136%

Moped 168.77 1273% 180.84 1273%

E-moped 72.33 545% 77.50 545%

Internal
combustion car 349.60 2636% 374.60 2636%

Hybrid car 241.10 1818% 258.35 1818%

Electric car 168.77 1273% 180.84 1273%

Internal
combustion bus 96.44 727% 103.34 727%

Hybrid bus 71.13 536% 76.21 536%

Electric bus 84.39 636% 90.42 636%

Due to the linearity of Equation (1), computed total emissions basically follow the
conceptual outcome of the unit factors derived from the literature review. For electric
modes, e-bikes emerge as being more sustainable than e-scooters, due to the option of pedal
assistance. However, the impact of e-mopeds is comparable to that of e-scooters, despite
the greater mass that has to be moved. This is due to the higher speeds that an e-moped can
reach, leading to a greater distance being covered during its service life. The highest impact
is generated by cars, especially internal combustion vehicles. This is due to the fact that
congestion limits the speeds that can be attained by cars in urban environments. Finally, the
low impact shown for buses is due to the high carrying capacity involved, which generates
a very low unit emission coefficient (i.e., gCO2/pax).

Moving onto the second criterion, the total cost of each mode was computed by con-
sidering data from Day 1, with a total distance of 2411 km and 1665 trips being undertaken.
First, total emissions are expressed as monetary costs, i.e., in Euros, according to [39] and
considering a unit cost of 0.20 €/kWh. The user generalised cost for each mode is computed
and added to the externalities, thus obtaining the total cost according to equation (2). In
particular, the following assumptions are made. Travel times are obtained according to the
average speed estimated for each vehicle. Additional times are then computed according to
the mode in question, that is: (i) the average time spent looking for an available parking slot
in the case of mopeds and cars (5 and 15 min, respectively); (ii) average waiting times at the
bus stop (20 min) in the case of transit systems. Each value, expressed as a time measure, is
multiplied by a Value of Time (VOT) of €5/h, thus obtaining the relative monetary value.
Finally, the monetary costs involved are considered, that is: (i) for e-scooters, e-bikes and
mopeds, a fixed rental rate of €0.50 for each trip is taken into account; (ii) for cars, a parking
fee of €5 is introduced; (iii) for buses, the fare is added for each run (€1.10).

The results are shown in Table 7, where red percentages show more expensive modes,
green values indicate less expensive modes and the orange value represents an intermediate
condition. The latter refers to walking which, against a small environmental impact, has
the great drawback of a much longer travel time w.r.t. other transport modes, when the
distance to be covered is equal.
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Table 7. Comparison of different transport modes in terms of total cost.

Transport
Mode

Externalities
Cost
[€]

User-Generalised
Cost
[€]

Total
Cost
[€]

Percentage
Variation

[%]

Walking 23.67 3013.79 3037.46 185%

E-scooter 5.42 1636.18 1641.60 100%

Bike 17.26 1205.52 1222.78 74%

E-bike 7.40 1636.18 1643.58 100%

Moped 69.04 1865.02 1934.06 118%

E-moped 29.59 1865.02 1894.61 115%

Internal
combustion car 143.01 8487.01 8630.03 526%

Hybrid car 98.63 8487.01 8585.65 523%

Electric car 69.04 8487.01 8556.05 521%

Internal
combustion bus 39.45 5611.10 5650.55 344%

Hybrid bus 29.10 5611.10 5640.19 344%

Electric bus 34.52 5611.10 5645.62 344%

Private cars still fall within the red zone, since both externalities and user-generalised
costs are very high. In this case, the bus mode falls within the same zone. Indeed, al-
though more sustainable (i.e., low externalities), the transit system is penalised by the
intrinsic temporal–spatial discontinuity by which it is characterised. The latter generates
access/egress times and waiting times at stops, which drive up the related user-generalised
cost. In the green zone, instead, we find e-scooters and e-bikes, followed by conventional
bikes and mopeds. Clearly, this holds for urban contexts while, when there are greater
distances to be covered, this framework could be inverted in favour of cars and buses.

Finally, according to Equations (3) and (4), synthetic indicators Im and I′m are computed.
They consider the mass and service life of the vehicles concerned. Such variables are crucial
since, as previously mentioned, the greater the vehicle mass, the more burdensome the
production, transport and disposal phases, and the greater the power needed. Moreover,
when higher speeds are allowed, the vehicle in question can cover more kilometres, with
the service life being equal. The ratio between mass and service life of the vehicle with
reference to the single user, i.e., I′m, is also a meaningful measurement, as it considers the
carrying capacity of the vehicles involved.

The results are summarised in Table 8, where red values show the worst options, green
values indicate the best modes and orange values represent intermediate conditions. Due
to their mass, cars and buses fall within the red zone, followed by mopeds. By contrast,
despite its brief service life, the e-scooter falls within the less impactful systems, after
bikes, showing a mass/service life ratio of about 1 to 7 with respect to internal combustion
and hybrid cars, which becomes about 1 to 11 with respect to electric cars. Finally, it is
worth noting that, for a single passenger, buses recover ground, once again thanks to their
carrying capacity, which significantly exceeds that of other transport systems.

A relevant result is that the vehicle-occupancy coefficient plays a fundamental role in
the definition of unitary emissions. Therefore, even in the case of an internal combustion
engine, a bus is always more environmentally friendly than a car, even if the car is hybrid
or electric.

Obviously, a different case would occur when a bus travels with a low occupancy
level or, worse, is completely empty. In this case, however, this would be a planning
error in the designed service because, if the bus travels empty, this means that it is useless
and, therefore, in addition to polluting, it absorbs and wastes the economic resources of
the community.
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Table 8. Comparison of different transport modes in terms of mass and service life.

Transport
Mode

Mass
[kg]

Service Life
[years]

Im
[kg/year]

I′m
[kg/year*pax]

E-scooter 16 2 8 8

Bike 15 15 1 1

E-bike 25 5 5 5

Moped 150 6 25 22.73

E-moped 150 6 25 22.73

Internal
combustion car 900 15 60 46.15

Hybrid car 900 15 60 46.15

Electric car 900 10 90 69.23

Internal
combustion bus 15,000 15 1000 12.5

Hybrid bus 15,000 15 1000 12.5

Electric bus 15,000 10 1500 18.75

5. Conclusions and Research Prospects

In conclusion, the paper provides a three-fold methodology for carrying out a fair
comparison of different transport modes within urban contexts. The aim was to avoid
a biased assessment, which, by neglecting some important elements, could lead to an
unrealistic and inaccurate outcome.

First, the importance of distinguishing vehicle emissions related only to the use
phase with respect to the entire life cycle was stated. The emission factors obtained
from the literary review fully support this principle. Secondly, a total-cost approach was
proposed, thus enriching the comparison with a user-oriented perspective. Finally, synthetic
indicators, considering vehicle mass and service life, were proposed. The outcome clearly
shows the presence of different evaluation criteria and, hence, the lack of a mode that is the
optimal option in any condition. However, in an urban environment, e-scooters, together
with active modes, display several advantages, especially regarding first/last mile services
and Park & Ride solutions. These data are also highlighted by the fact that, in all calibrated
models, the distance from public transport stations was significant.

Finally, the proposed model could also be used to define the greatest concentration
of demand for e-scooters in order to identify where to locate the charging points, possibly
based on the use of photovoltaic panels, as suggested by [51].

In terms of future research, we propose to perform the same comparison in other
urban contexts, and also in rural contexts, thus extending the assessment to other transport
modes, such as rail. Finally, it would be interesting to apply the proposed approach in
the case of a Mobility-as-a-Service scenario, where the total cost is greatly affected by the
presence of shared modes and the degree of integration among different transport services
and related fares.
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