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Abstract: Mobility as a Service (MaaS) is often seen as a promising solution to address societal and
environmental challenges. Despite the importance of quantifying its potential benefits, few previous
works have focused on the impacts on the environment, and all of them considered large cities. This
study aims to forecast the diffusion of Maa$S in a medium-sized city and quantify the consequent
reduction in pollutant emissions for commuting trips. Answers from a mobility survey administered
to employees of the Municipality of Padua (Italy) were used to calibrate a model predicting MaaS
adoption, which was applied to real working trips to estimate daily vehicle emissions savings in
future scenarios with different MaaS bundles. The results indicated that the opportunity to have
multimodal mobility options providing door-to-door travel is a fundamental element to ensure wide
MaaS diffusion. Furthermore, public transport was confirmed to be the backbone of such a system.
Compared to the current scenario, we observed up to a 41% reduction in pollutant emissions. The
analysis pointed out that MaaS adoption is highly dependent on the characteristics of the proposed
bundles, thus highlighting the importance of a proper design of the service and ex ante evaluation of
emission savings.

Keywords: sustainable mobility; Mobility as a Service; stated-preferences; mixed logit; sharing
mobility; travel behavior

1. Introduction

The widespread diffusion of digital technologies and recent shifts toward service-
oriented approaches, as opposed to asset-oriented approaches, have prompted deep im-
pacts in several sectors, including mobility [1-3]. From this perspective, Mobility as
a Service (MaaS) is considered as an innovative ecosystem that will lead to disruptive
changes in the concept of mobility [4]. According to this new paradigm, the system does
not provide access to individual transport products or services, but delivers mobility where
it is needed [5]. Unlike traditional transport systems, where users have a limited possibility
to define the type and level of service they receive and operators have to provide a service
independently of actual usage, an MaaS system ensures direct communication between
providers and end users, who can select the most appropriate mobility service for their
journeys. In addition, the service allows users, providers, and regulators to monitor trips
in real time, thus optimizing their specific needs [5]. Although there is no agreed definition
of MaasS [6], it can be defined as an integrated framework that offers personalized and
multimodal mobility services through a digital platform, where users can plan, book, and
pay for their trips [7]. The system is designed to achieve sustainable policy goals [8] and
is often viewed as a promising solution to address societal and environmental challenges,
especially in urban areas [4,9]. In many cities, the car-oriented mobility style has led to
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congestion, pollution problems, and inefficient land use [6,10]. This has prompted local
authorities to promote the shift from private car to public transport [11]; however, this
cannot satisfy all travel needs as a standalone service. MaaS can effectively provide multi-
modal sustainable options to satisfy individual mobility requirements [10]. Therefore, from
this perspective, Maa$S could have the potential to change travel behavior to achieve the
sustainability goals for which it should be designed [1,12].

Specifically, one of the fundamental goals of MaaS is to satisfy all the mobility needs
of travelers, by providing a wide range of mobility options. In line with this perspective,
the system aims to connect users with transport services in a more responsive way than the
traditional system [5]. As an alternative to driving alone, desired outcomes of Maa$S are
reduced car ownership, vehicle kilometers travelled, and parking demand, and improved
accessibility and equity [13]. The growing literature on Maa$S highlights the challenges that
this service is facing/has to face to foster the adoption of multimodal solutions provided
within the system [10,14]. First, its attractiveness is mainly affected by the service level
of the offered mobility options [15]. Second, apart from being an application providing
a seamless booking and payment experience and travel information, it could be simply
seen as a combination of existing modes [7]. Many people may already be aware of these
alternatives, thus reducing MaaS” attractiveness [15]. In order to address these challenges
and improve sustainable mobility habits, in the past, some authors proposed combining
the service with measures to reduce car use [11], including car-oriented options such as
electric car sharing services [16], or implementing MaaS as a mobility service within a
wider platform that includes both transport and nontransport services [17]. Given this
prospect, many studies have been performed on MaaS’ characteristics and adoption [18],
with the aim of evaluating potential demand and designing its attributes [8]. Most of them
focus on the acceptance of the service among travelers [1,6,19] and the choice of Maa$S
bundles [12,20,21]. These studies were carried out by adopting two approaches: Stated-
Preference (SP) experiments, to evaluate nonexisting services, and before/after analysis of
pilot projects. Data from pilot experiments are more valuable and allow one to overcome
the hypothetical bias of SP experiments [22]. However, they can be difficult to implement
and, as experimental studies, they may not provide a sufficient number of subscribers and
enough variation in specific parameters to analyze the adoption propensity and calibrate
forecasting models [6].

Matyas and Kamargianni [21] carried out a seminal work in which they calibrated
bundle choice models on SP data from a mobility survey administered in London. The
results of a sequential portfolio choice SP experiment were used by Caiati et al. [1] to
investigate MaaS acceptance, bundle preference, and willingness to pay for the service
in the Netherlands. Hensher et al. [12] used data from the Sydney MaasS trial to develop
a model to jointly forecast the choice between MaaS bundles and the total kilometers
travelled by car. A similar dataset was adopted by Ho et al. [22] to investigate users’
preference for different subscription plans and pay-as-you-go option. Recently, Franco and
Vitetta [23] studied preferences for MaaS bundles in an Italian city by considering answers
to SP experiments. Kriswardhana and Eszterg’ar-Kiss [9] implemented a model to evaluate
the relationship among MaaS packages, users’ adoption of the service, and their attitudinal
attributes using SP data from college students. Focusing on a sample of Dutch car owners,
Van't Veer et al. [24] evaluated factors affecting the potential decision to use MaaS.

Despite the numerous studies on MaaS adoption and bundling packages, the analysis
of its impacts is still at an early stage [4]. This service is expected to prompt the switch
from private cars to more sustainable vehicles, with several benefits for society, such as
improving air quality, reducing congestion and the use of public space, and increasing
accessibility and equity [13,22]. Because of these strong potential benefits, the quantification
of these effects is of paramount importance for assessing the actual potentiality of MaaS [7].
Nevertheless, there is little evidence to assess to what extent these positive effects could
occur [4]. In particular, few previous works have quantified the impacts of MaaS on the
environment [6], and all are focused on large cities.
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As regards potential shifts away from private car use, controversial results have been
obtained. For instance, Sochor et al. [25] observed that participants in the Gothenburg
MaaS trial halved the number of trips using this means. Using data from the Sydney
trial, Hensher et al. [12] provided evidence that MaaS implementation could prompt a
reduction of car-based kilometers travelled. On the other hand, from a pilot study in
Ghent, Storme et al. [26] found that car owners were not likely to shift away from their
vehicles. However, to the best of author” knowledge, no previous works have focused on
the direct estimation of the impacts of Maa$S on air quality, with the notable exception of
Labee et al. [6], who quantified potential savings in greenhouse gas emissions by applying
an activity-based model in Amsterdam.

In this paper, the results of an SP survey administered to employees of the Municipality
of Padua (Italy) were used to calibrate a model that forecasts the adoption of Maa$ for
commute trips. The model was applied to a dataset of real working trips to estimate the
potential reduction in pollutant emissions from vehicles, under various scenarios with
different service bundles. Unlike previous works, this study aimed to shed light on the
potential diffusion of MaaS and its environmental benefits in medium-sized cities. The
results could be helpful for both local governments and service providers. The former can
understand to what extent the potential diffusion of Maa$S can contribute to the achievement
of sustainable goals [1], while the latter can take advantage of the estimate of latent demand
for the service, thus measuring its attractiveness in a new market [8].

2. Materials and Methods
2.1. Data Collection

To reach the objectives of the paper, data from a mobility survey administered to
employees of the Municipality of Padua were used. Padua is a densely medium-sized
city in northern Italy, with about 200,000 inhabitants living in 93 square kilometers. The
population density ranges from 1000 to 5900 inhabitants per square kilometer with an
average value of 2200 inhabitants per square kilometer [27]. Currently, in the city, several
transport services are operating: public transport (with urban buses, a tram line, and
taxis), bike sharing (both station-based and free-floating services), e-scooter sharing, and
station-based car sharing. The connection to external areas is ensured by suburban and
train services, and park-and-ride areas.

The questionnaire was divided into Revealed-Preferences (RP) and Stated-Preferences
(SP) parts. In the first section, detailed questions were asked about a typical commute
trip carried out on a generic working day (trip length, travel cost, origin and destination,
and travel modes); furthermore, information regarding travel habits of respondents was
collected. In the second section, the interviewees took part in SP experiments in which they
had to (1) choose between two MaaS bundles and (2) declare their propensity to actually use
the chosen service to perform their commuting trips. In the SP experiments, each bundle
was defined by combining the existing mobility service in the study area (bike sharing,
e-scooter sharing, car sharing, urban bus/tram, suburban bus/train, park-and-ride, and
night bus) and the corresponding price on a monthly basis. The inclusion of services in
the packages and their costs were estimated considering information reported in the RP
part of the survey and real price schemes in the area. Focusing on a real trip with realistic
attributes increased the realism of the choice tasks and, thus, the reliability of answers.
A D-optimal design was adopted to generate 16 choice scenarios, which were grouped
so that each respondent had to face four choice tasks. In the last section of the survey,
socioeconomic information was collected at both the household and individual levels. A
complete description of the survey is reported in [20], where interested readers can find
details about the design of SP scenarios.

The questionnaire was administered between October 2020 and January 2021 by
sending emails to all 1600 employees.
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2.2. Model for MaaS Adoption Forecasting

In this paper, data collected from the questions of the second SP part were used
to calibrate a model that predicts the probability of adopting the chosen Maa$S bundle
to perform the commuting trip reported in the RP section of the survey. Specifically,
answers related to the choice between the previously selected MaaS package and the travel
mode actually adopted to commute were considered as dependent variables; therefore, a
binary logit model was estimated. In this way, the future potential use of MaaS, replacing
current mobility solutions for systematic trips to workplaces, can be predicted. Since each
individual had to answer more than one SP question, a mixed logit model was implemented
considering the panel nature of the data. This allowed us to take into account the correlation
between error terms over multiple choice tasks for the same respondent [28]. Specifically,
in the model specification, a panel-effect term was introduced [21].

Following this approach, the utility of decision maker 7, obtained for the alternative i
in choice task ¢ is given by:

Uint = Vint + i + €int 1)

where Vj,,; is the systematic utility defined as the X, (X;, is the vector of observed
variables related to alternative i, and f§ is the vector of corresponding coefficients to be
estimated); «;,, is the panel-effect term. This term is independent from ¢;,,;, which is the
error term assumed to be an independently, identically distributed extreme value. The
probability of choosing the i conditional to &, is given by:

eVint""ain

P(iylan) = ()
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The contribution of the decision maker # to the log-likelihood conditional to «a;, (i.e.,
the probability that the individual n makes a sequence of choices T) is given by:

P(iyy,in2, -, inT|on) = Hp(int|“n) 3)
t
The unconditional probability is the integral of Equation (3) over a:

P(i, 1, iva i) = / [T P(ila) f()dax @)
&t

The integral in Equation (4) cannot be calculated analytically, therefore a simulation
was applied. Specifically, first the functional form of f(«) is defined. In this paper, « was
assumed to follow a normal distribution with zero mean and o},ane) Standard deviation [21].
Then, a series of R draws («”) is derived from that density function (500 Halton intelligent
draws were used). After that, the integral in Equation (4) is approximated as:

.. ) 1 .
P(i,g,in2, .-, inT) = ﬁertP(zmMr) 5)

The parameters  and 0pane are estimated by maximizing the log-likelihood function
(Equation (6)):
Zn lnP(in1rin21~--rinT) (6)

The model was then applied to the real dataset of reported commuting trips to predict
the probability of adopting the chosen MaaS bundle to travel to the workplace.

The list and description of explanatory variables used in the final version of the model
are reported in Table 1. They include variables related to (1) travel habits of respondents,
such as frequency of use of travel modes, and their characteristics, such as income, and (2)
attributes of the composition of the Maa$S package, i.e., the presence of specific mobility op-
tions with defined characteristics, such as unlimited bike sharing. The latter were obtained
from the first SP part, where an MaaS bundle was selected among those presented [29,30].
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Table 1. Description of explanatory variables included in the MaaS adoption model.
Name Description Level
Bike frequency Frequency of private bike use (times/week) Individual
. . Bike sharing service (unlimited) in the
Bike sharing MaaS bundle MaaS
. Car sharing service (pay-as-you-go) in the
Car sharing MaaS bundle Maa$S
Car sharing—hours Car sharing service (5 h) in the Maa$S bundle Maa$S
. E-scooter sharing service (unlimited) in the
E-scooter sharing MaaS bundle Maa$S
Leisure frequency Frequency of leisure trips (times/week) Individual
Night bus Night bus service in the MaaS bundle Maa$S
Park-and-ride Park-and-ride service (unlimited) in the MaaS
MaaS bundle
Past suburban bus Use of suburban bus to commute Individual
Past walking Walking to commute Individual
Plan cost per Monthly cost of the MaaS bundle (EUR) per unit
distance /inIc)ome distance of the trip divided by income MaaS/Individual
(EUR 1000)
. Suburban bus/train public service (unlimited) in
Suburban bus/train the MaaS bundle Maa$S
Train frequency Frequency of train use (times/week) Individual
Urban bus/tram Urban bus/tram public service (unlimited) in the MaaS

MaaS bundle

2.3. Emission Estimates

Since the service does not currently exist, different future scenarios were generated
considering the combination of existing transport services in the area. The price of a
package was calculated by adding the costs of the mobility services in that package, which
were based on the fares of current operators in the area. The estimated choice model was
applied to these hypothetical scenarios to forecast the probability of adopting Maa$, as
an alternative mobility solution to that actually used to commute, considering bundle
characteristics different from those presented in the first SP part of the survey.

In order to evaluate to what extent MaaS adoption can contribute to the sustainability
of commuting trips, for each scenario, including the current scenario (the Base scenario),
pollutant emissions generated by vehicles reaching the workplaces were estimated. A
tank-to-wheel analysis was carried out, thus only quantifying the pollutants generated
by tailpipe emissions. The estimation was carried out by adopting the COPERT model,
developed by the European Environment Agency (EEA) [31] and based on the Handbook
of Emission Factors of Road Transport (HBEFA) [32]. This approach has been widely used
in previous works [6,33,34]. Following this method, for each pollutant, a unique emission
factor, representing the average emission per unit of distance, was used as representative
of the circulating fleet [35]. For these reasons, the approach is not completely accurate.
However, in this paper, scenarios were evaluated in relative terms; therefore, the same level
of approximation was applied consistently to all of them [36].

The estimation of pollutant emissions was performed by considering the characteristics
of vehicles circulating in the area, obtained from the Automobile Club d’Italia (ACI) [37]
and the real length of the commuting trips, reported in the RP part of the survey. In
particular, for each scenario, the number of commuting trips carried out with the usual
travel mode (i.e., for those individuals not switching to MaaS) was estimated by applying
the calibrated adoption model. After that, emission factors were applied considering the
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travelled distance of each journey. In this way, total CO, CO,, NOx, PMjg, and PM, 5 values
generated by working trips were estimated.

Regarding pollutants generated by mobility solutions in the MaaS bundle, the char-
acteristics of real services in the area were considered. Operators of e-scooter sharing
and car sharing currently make electric vehicles available in the area; therefore, they were
assumed to produce no tailpipe emissions [6]. Public transport vehicles are not electric;
however, they usually circulate independently of the number of users. Therefore, since
results are evaluated in relation to the Base scenario, their net contribution to pollutants
was null. A park-and-ride was included in the bundles; therefore, potential users of these
MaaS packages could decide to use private car to reach the parking facility. To adopt a
conservative approach, the pollutant emissions generated by these trips were included in
the analysis for those who had an available car to commute, considering the location of the
existing park-and-ride infrastructures in the area.

3. Results
3.1. Descriptive Statistics of the Sample

The collected answers resulted in 255 complete interviews, which correspond to a
sampling rate of about 16%. Considering a 95% confidence level, the sample size was found
to be appropriate for a margin of error of 10% [38].

The representativeness of the sample could not be evaluated, since detailed informa-
tion regarding the characteristics of the interviewed universe was not available. In addition,
66% of the respondents were women and 34% were men. The mean age was 52 years, with
16% of individuals aged from 35 to 44 years, 35% from 45 to 54 years, and 45% from 55 to
64 years. Further descriptive statistics can be found in [20]. Given the aim of this paper,
a preliminary analysis of the registered attributes related to sustainable travel habits is
reported hereinafter.

Figure 1 depicts the recorded distribution of trips performed for various trip purposes
(work, shopping, leisure, and escorting children) and using different travel modes (private
car, motorbike, urban and suburban bus, train, private bike, and walking). As expected,
private car was adopted for all the considered trip purposes. In particular, due to its
flexibility, it was widely used for escorting children, and it is the main travel means for
nonsystematic trips (shopping and leisure purposes); moreover, 35% of commuting trips
were performed by car. Furthermore, the highest modal share of public transport (urban
bus, suburban bus, and train) was observed for work purposes (24%), and 6% of shopping
trips were carried out by urban bus. The figure shows that a significant portion of trips
were performed on active modes. For shopping and leisure purposes, the shares of private
bike and walking were 10% and 12%, respectively. Nevertheless, it is worth noting that
around 22% of commuting trips were performed on a private bike (more than 80% of the
interviewees had at least two bikes in their households). This confirms the findings of
previous studies in the same area, for example [39], highlighting that Padua is one of the
Italian cities with the highest use of bikes.

As regards commuting trips, Figure 2 shows the distribution of the main travel modes
adopted to reach the workplaces for different trip lengths. As expected, private bike was
mostly used for trips shorter than 5 km. Private car trips were recorded for distances
ranging from 2 to 50 km, with a peak of 10-20 km (60%). The modal share of public
transport was quite variable, depending on the specific means and the related operating
area: about 17% of trips shorter than 5 km were carried out on urban bus; the percentage of
commuting trips on suburban bus was almost constant (around 10%) for trips longer than
10 km; more than 50% of trips longer than 20 km were performed by train, but its adoption
increased with trip length (up to 80%).
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Figure 1. Percentage distribution of trip purposes and travel modes.
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Figure 2. Modal share of commuting trips for different trip lengths.

3.2. Model Estimation

The results of the estimation of the final version of the MaaS adoption model are
reported in Table 2. By observing the table, one can note that the coefficient of the panel
effect Opanel is significant, indicating that the model can properly capture correlations
among observations for the same individual [21]. As expected, the cost of the plan per
unit distance decreases the likelihood of adopting MaaS. The coefficient of the constant is
negative, highlighting that the respondents were not so willing to subscribe to the service.

The composition of the potential MaaS bundles was found to play an important role in
the decision to use the service. The analysis of coefficients indicates that e-scooter sharing
alone cannot increase the probability of adopting Maa$S, nevertheless, an opposite effect
might occur if e-scooters are proposed in combination with park-and-ride and urban bus.
This highlights the effectiveness of the service as a last-mile solution. Similarly, the sampled
commuters were found not to be willing to use MaaS with urban bus alone; on the other
hand, it should be combined with car sharing or e-scooter sharing in order to foster MaaS
diffusion. Furthermore, the results indicate that long-distance public transport (suburban
bus or train) can increase the attractiveness of the service. Lastly, the inclusion of night
buses reduces the likelihood to adopt MaaS; this is an expected outcome, given the age of
respondents, who may not be inclined to perform activities during the night that could
require travelling by bus.
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Table 2. Estimation results of the MaaS adoption model.
Name Coeff. Std. Err. t-Value p-Value
Constant —1.580 0.904 -1.74 0.081 t
Opanel 3.450 0.484 7.13 <0.001 ***
Bike frequency —0.466 0.175 —2.66 0.008 **
Bike sharing —0.670 0.435 —1.54 0.124
Car sharing —0.201 0.452 —0.45 0.656
Car sharing—hours —0.536 0.538 —1.00 0.319
E-scooter sharing -1.190 0.479 —2.48 0.013 *
Leisure frequency 0.732 0.279 2.63 0.009 **
Night bus —0.073 0.034 —2.16 0.031 *
Park-and-ride —1.510 0.634 —2.38 0.017 *
Park-and-ride: Bike sharing 1.350 0.888 1.52 0.130
Park-and-ride: E-scooter sharing 1.550 0.888 1.75 0.081 +
Past suburban bus 2.930 0.480 6.12 <0.001 ***
Past walking —1.060 0.627 —1.69 0.092 t
Plan cost per distance/income —0.078 0.041 -1.92 0.055 t
Suburban bus/train 2.930 0.480 6.12 <0.001 ***
Train frequency -0.729 0.254 —2.87 0.004 **
Urban bus/tram —2.370 0.962 —2.46 0.014 *
Urban bus/tram: Bike sharing 0.749 0.688 1.09 0.276
Urban bus/tram: Car sharing 1.520 0.830 1.83 0.067 +
Urban bus/tram: Car sharing hour —0.260 1.290 —0.20 0.840
Urban bus/tram: E-scooter sharing 2.460 1.070 2.29 0.022 *
Statistics
N. of observation 255 (1020)
N. of draws 500
Null log likelihood —578.26
Final log likelihood —344.69
r2 0.40

Significance codes: *** p-value < 0.001; ** p-value < 0.01; * p-value < 0.05; * p-value < 0.10.

The travel habits of the respondents could impact the adoption of MaaS. In particular,
the willingness to join the service decreases for individuals who frequently use private bike
and train. The former result could indicate that bikers are satisfied with their travel mode
and, therefore, are not likely to switch to alternative means included in the MaaS bundle.
The latter result could suggest that train users did not find any advantages in adopting the
proposed packages for their trips. Moreover, those who usually commuted by suburban
bus are more willing to adopt MaaS.

3.3. Maa$S Adoption Scenarios

Table 3 reports the considered hypothetical future scenarios, which were generated by
considering the realistic potential combination of services in the area. In addition, since the
impacts of Maa$S on the sustainability of trips depend on its adoption, the marginal utilities
obtained from the final version of the calibrated model were analyzed [6]. In particular,
different combinations of the variables related to MaaS bundle were tested, to maximize
and minimize the value of the utility function of Maa$S adoption. In this way, the following
three scenarios were evaluated:

Scenario 1, in which the probability of MaaS adoption is maximized;
Scenario 2, in which the probability of MaaS adoption is minimized;
Scenario 3, which includes mobility services currently managed by the same operator in
the city, thus representing the most feasible Maa$ that could be implemented in the area.

These scenarios allowed us to assess the potential range of the contribution of MaaS
on pollutant emissions reduction for commuting trips (Scenarios 1 and 2), and the impacts
of the most likely MaaS that could operate in the city (Scenario 3).
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Table 3. Mobility services included in MaaS bundles for future scenarios.
Scenario 1 Scenario 2 Scenario 3
E-scooter sharing X
Bike sharing X
Park-and-ride X X X
Car sharing X X
Car sharing—5h X
Suburban bus/train X
Urban bus/tram X X X
Night bus X

The results of the model applied to the dataset of commuting trips performed by
respondents in a typical working day are reported in Table 4 for all the considered scenarios.
The table shows that the potential future market share of MaaS is highly dependent on
bundle composition.

Table 4. Share of MaaS and non-MaaS commuting trips for the three scenarios.

Scenario Share of Maa$ Trips (%) Share of Non-MaaS Trips (%)
Scenario 1 87 13
Scenario 2 4 96
Scenario 3 12 88

Figures 3 and 4 show the estimated daily pollutant emissions generated by commuting
trips for the Base scenario and the future ones; percentage variations from the current
scenario (the Base scenario) are reported for the three considered MaaS scenarios (Scenarios
1-3). As expected, Scenario 1 exhibited the highest reduction in emissions compared to
the Base scenario (37-41%), since, in this case, the MaaS bundle was designed so that the
adoption of the service is maximized. Conversely, the lowest reduction was obtained for
Scenario 2 (4%), which minimizes the service diffusion. These two scenarios represent
an optimistic and a pessimistic perspective, respectively, regarding the use of MaaS for
commuting trips.

3000
-4% o

2500 8%

2000 _379%

1500

1000

-4% 9%
500 _40% —4% —9% _40%
. L] .
CO [g] CO: [kg] NOx [g]
Pollutants
Base scenario Scenariol M Scenario 2 Scenario 3

Figure 3. Simulated CO, CO,, and NOx emissions per day for the Base scenario and the three future
scenarios.

Furthermore, compared to the Base scenario, percentage reductions of around 8-9%
were observed for the scenario in which Maa$S only integrates services currently managed
by the same operator in the city (Scenario 3).
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Figure 4. Simulated PM;( and PM; 5 emissions per day for the Base scenario and the three future
scenarios.

4. Discussion

The analysis of results of the estimated MaaS adoption model allowed us to understand
the factors and the characteristics of the service that can affect the decision to join such a
mobility solution to perform commuting trips. In particular, the outcomes clearly indicated
that one of the potentialities of Maa$ is the opportunity to provide multimodal mobility
solutions to satisfy the travel needs of users. The observed results showed that individuals
are more willing to subscribe if the service allows them to combine multiple modes, e.g.,
e-scooter sharing with public transport and park-and-ride or car sharing with urban bus.
This finding confirms that the value added from MaaS, which could effectively ensure
its diffusion, is the offer of multimodal door-to-door travel options [22]. In addition, the
analysis of results showed that public transport can be considered as the backbone of
MaaS$ solutions [1]. Specifically, the likelihood to join the service was found to increase if
such a mode was included in the bundles. This indicates that individuals tend to adopt
Maa$S where public transport is within the offered plan, as found by previous authors [21].
For this reason, maintaining a high standard of public transport level of service is of
paramount importance to ensure the wide adoption of MaaS [11]. With the aim to assigning
a central role of public transit [7], policy makers and operators should provide a reliable
and accessible service in their cities [11]. To achieve the same target, innovative mobility
solutions, such as connected autonomous vehicles [2,3], could contribute to automatically
prioritizing public transport means on the road. Furthermore, the results confirmed that e-
scooter sharing could be an effective mobility option that can complement public transport
as a last-mile solution [40], thus fostering its adoption within an MaaS ecosystem. The
estimated model allowed us to investigate the travel modes that are less likely to be replaced
by Maa$ diffusion. Specifically, people traveling by train or bicycle were not willing to
adopt the service. The latter finding can be considered as a positive element with respect to
the ultimate goal of MaaS. In particular, many previous authors have pointed out that this
service could induce a shift from green travel modes (public transport and active modes) to
less sustainable solutions (considering the full life-cycle), such as car-based shared mobility
options and e-scooter sharing. [4,13,16]. Since sustainable urban mobility is one of the
societal goals of MaaS$ [7], these modal shifts should be avoided. From this perspective,
the role of public authorities in this mobility ecosystem could be fundamental to raise
the awareness of the societal effects of travel choices among citizens, thus prompting the
diffusion of sustainable habits following a broad-spectrum vision of future mobility [11].
For the case study considered in this paper, this potential risk did not seem to occur, since
people who frequently used bikes or walked to work were found to have a low willingness
to adopt Maa$S. Even if this result is site-specific, it suggests that a proper design of such
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sustainable mobility options is fundamental to guarantee that MaaS can be effectively
introduced to provide environmental benefits for society.

The results from the model application highlighted that the future market share of
MaaS, as an alternative to travel modes adopted to commute, is highly dependent on
the configuration of the proposed bundles [6]. This shows that a proper design of the
service, including an ex ante evaluation of its potential diffusion, is of utmost importance
to ensure the effectiveness of Maa$ in reaching the highest attractiveness, thus allowing the
achievement of the promised environmental goals [1,24]. The investigated future scenarios
where an Maa$S ecosystem is introduced allowed us to quantify the potential extent of
pollutant emissions savings for commuting trips. In particular, considering a pessimistic
and optimistic perspective, the reduction in CO, CO,, NOx, PMjg, and PM, 5 could range
from 4 to 41%, compared to the current scenario. This interval is similar to that obtained by
previous authors [6]. Moreover, it is worth noting that these estimations are only related
to a single trip from home to work. However, as people usually carry out more than one
journey in their workday, sometimes combining multiple trips with different purposes,
Maa$ could be used for the whole trip chain [13]. For this reason, a greater benefit is likely
to be observed [13]. An additional scenario was evaluated, where the bundle only included
transport services currently managed by the same operator in the city. However, in this
case, the percentage reduction (8-9%) was closer to the value obtained for the pessimistic
scenario. Although these results are site-specific, they highlight the importance of the
integration of services from multiple operators within the same Maa$S ecosystem, in order
to increase its adoption. Nevertheless, the consequent integration of different business
models represents one of the challenges that MaaS has to face [41,42]. As indicated by
previous authors [43], such a system requires interaction among many actors with different
and often conflicting logics. These potential issues highlight the importance of the role
of public authorities, which should drive the MaaS ecosystem to effectively achieve the
societal goals that it is expected to accomplish [5,11,44].

Even though the findings described in this paper are related to the considered case
study, the developed analysis shows importance of the proper estimation of emission sav-
ings that the adoption of Maa$S for commuting trips could generate. This is of paramount
importance to evaluate to what extent such a system can contribute to paving the way
toward sustainable mobility [16,22]. For this reason, the results may be useful to local au-
thorities, who can find several recommendations on how an MaaS system can be designed
to achieve environmental pollution reduction targets in urban areas.

5. Conclusions

In this paper, the reduction in pollutant emissions generated by commuting trips after
the hypothetical diffusion of Maa$S in a medium-sized city was estimated. The answers
of a mobility survey administered to employees of the Municipality of Padua (Italy) were
used to calibrate a model that forecasts the adoption of Maa$S for working trips. The model
was applied to the real working trips reported by the respondents. Future scenarios with
different mobility services included in an MaaS ecosystem were considered. For each
scenario, daily pollutant emissions from commuting trips were estimated and compared
with the current situation.

The analysis of results from the model calibration phase pointed out useful considera-
tions concerning MaaS’ potential adoption:

e  The opportunity to have multimodal mobility options that can provide door-to-door
trips is a fundamental element to ensure a wide diffusion of MaaS;

e  Public transport is confirmed to be the backbone of such a system; therefore, efforts to
guarantee a high level of service of public transit could be key elements to promote
Maa$ adoption;

e  The risk of shifting to less sustainable travel modes included in the bundle could not
occur in the study area, since frequent bikers and those who commuted by train or
walking are not willing to join the service.
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Estimation of pollutant emissions for the considered scenarios after the introduction
of Maa$ allowed us to obtain the range of percentage reductions from the current scenario
(4-41%). The analysis showed that MaaS adoption is highly dependent on the characteristics
of the proposed bundles, thus highlighting the importance of a proper design of the service
and an ex ante evaluation of emission savings.

A set of recommendations for policy makers and mobility operators can be derived
from the findings of the presented work. First, MaaS systems should be designed so that
users can enjoy a complete seamless travel experience. In particular, traditional transport
modes, such as public transport means, should be combined with innovative micromobility
solutions ensuring last-mile trips, such as e-scooter and bike sharing. Furthermore, this
allows one to improve the accessibility of public transport, thus widening its catchment area.
In addition, operators should maintain a high level of service of public transport to foster
MaaS adoption, since it represents the key mobility options within a bundle. This target
can be achieved through interventions toward reliability, flexibility, and accessibility, such
as real-time information to travelers, on-demand public transit, and priority lanes in the
streets. Lastly, policy makers should pay attention to the risk of a potential shift from public
transport to less sustainable modes within an MaaS package. Moreover, the developed
analysis can be considered as a preliminary evaluation framework for the environmental
impacts of this service. However, public authorities should periodically monitor whether
MaaS is achieving the societal goals for which it was introduced.

The implemented procedure focused on the estimation of pollutant emissions for
commuting trips before and after MaaS adoption. However, additional effects include
variations in land use, as a consequence of its interaction with the transport system, which
is likely to be altered by the introduction of MaaS. Furthermore, congestion issues after
potential shifts to car-oriented mobility solutions provided by the new service should
be investigated. These impacts were not evaluated in the analysis due to the available
information from the travel survey. Future steps of this research work can include (1) the
investigation of multimodal scenarios, (2) the evaluation of MaaS adoption and related
emission savings for a whole day, thus considering all travel purposes observed in a typical
working day, and (3) the analysis of what travel mode within the chosen Maa$S bundle
could be effectively adopted to commute, allowing for the evaluation of the specific shifts
from the previous mobility solution to a preferred mode in the package.
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