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Abstract: It is expected that future transportation technologies will positively impact how passengers
travel to their destinations. Europe aims to integrate air transport into the overall multimodal
transport network to provide better service to passengers, while reducing travel time and making the
network more resilient to disruptions. This study presents an approach that investigates these aspects
by developing a simulation platform consisting of different models, allowing us to simulate the
complete door-to-door trajectory of passengers. To address the future potential, we devised scenarios
considering three time horizons: 2025, 2035, and 2050. The experimental design allowed us to identify
potential obstacles for future travel, the impact on the system’s resilience, and how the integration
of novel technology affects proxy indicators of the level of service, such as travel time or speed. In
this paper, we present for the first time an innovative methodology that enables the modelling and
simulation of door-to-door travel to investigate the future performance of the transport network. We
apply this methodology to the case of a travel trajectory from Germany to Amsterdam considering a
regional and a hub airport; it was built considering current information and informed assumptions
for future horizons. Results indicate that, with the new technology, the system becomes more resilient
and generally performs better, as the mean speed and travel time are improved. Furthermore, they
also indicate that the performance could be further improved considering other elements such as
algorithmic governance.

Keywords: air transport; multimodal transport; passenger service; door-to-door transport;
simulation; sustainable infrastructure; sustainable transportation

1. Introduction

According to the United Nations [1], by 2100, the world population is expected to
reach approximately 10 billion people, and by 2050, more than 68% of the worldwide
population will live in urban areas. To serve future mobility needs, physical infrastructure,
transport systems, traffic management, operational processes, and information systems
will be seamlessly integrated [2]. Furthermore, to efficiently move passengers between
different means of transport, various systems that support passenger transfer between
various modes of transport, such as park-and-ride [3] and shared mobility systems [4],
among others, should work efficiently and be integrated with other travel support systems.

To explore how such integration and emerging transport technologies influence pas-
sengers’ journeys, this work presents a study on how future multimodal transportation
networks will impact passenger travel. The work is based on the concept of operations
developed in the X-TEAM D2D project [5–8], where the authors were focused on modelling
the concept of operations for the multimodal network.

The article continues as follows: Section 2 presents the important and related work.
In Section 3, we summarise the concept of the multimodal network evolution towards

Sustainability 2022, 14, 13621. https://doi.org/10.3390/su142013621 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su142013621
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-9981-5589
https://orcid.org/0000-0002-0160-6827
https://orcid.org/0000-0002-9717-5020
https://doi.org/10.3390/su142013621
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su142013621?type=check_update&version=2


Sustainability 2022, 14, 13621 2 of 20

2050. In Section 4, we present the methodology developed for this study. Section 5 presents
the characteristics of the passengers considered in the study. The experimental design
and results are presented and described in Sections 6 and 7, correspondingly, and then
conclusions, limitations, and future work are presented in Section 8.

2. Related Work

According to the European Commission [9], “multimodal transport” describes the use
of various modes (or means) of transport during the same journey. This concept concerns
both freight and passenger transport. It is expected that multimodal passenger transport
benefits from the strengths of different modes that, combined, can provide people with
more efficient transport solutions. When fully implemented, the multimodal transportation
network should decrease road congestion and climate impact, making the whole sector safer
and more cost-efficient. Ultimately, multimodality is expected to help creating a sustainable,
integrated transport system [9]. Besides contributing to the sustainable development goals,
multimodal transportation has been proven to contribute significantly to the economic
development of urban territories [10–12].

Regarding door-to-door (D2D) travel, it is frequently studied from different points
of view. Researchers have explored different angles of D2D travel. Some focused on the
purpose of the trip [13], while others focused on population density, regional accessibility,
the walkability index, and network density, among other aspects [14]. Other works focused
on the service quality of transport systems. Some studies explored the usability of mobile
services to improve the passenger experience, promote sustainable travel choices [15], un-
derstand travel behaviour [16], and measure users’ satisfaction [17]. These works indicated
that mobile communication could play a crucial role in integrating different services into
one, offering multimodal transport opportunities to passengers. This is possible thanks
to the ability of 5G and future expected 6G communication to support much faster data
transfers related to multiple users compared to current mobile generation communications.
Such an increase in data transfer capacity is a mandatory enabler for integrating differ-
ent transportation means into an integrated multimodal system because such integration
strongly depends upon the possibility of sharing passenger and infrastructure data from
different transportation means. In addition, the indicated studies emphasised that mobile
devices are the most eligible means to collect passengers’ preferences data and allow users
to communicate their preferences and perform their selections actively.

In the scope of D2D travel in one urban area, passenger satisfaction in
railways [18–20], taxis [21], buses, and other forms of urban public transport [22–29]
were extensively studied and discussed. A few studies explored connections between
different urban areas in the form of transport combinations [30], high-speed trains [31], air
travel [32,33], and air taxis [34]. Nonetheless, they do not always consider international
travel with a door-to-door focus. In addition, none of the existing studies was also able
to consider the integration of future available transportation means, such as Urban Air
Mobility (UAM), inherently resulting in limited scope with respect to the consideration of
such a possibility among the possible multimodality choices, which will become real in the
next few decades.

European countries envision connecting different parts of the continent through a
sustainable multimodal transport system that seamlessly joins all modes of travel, including
air travel [35,36]. Such a multimodal travel network requires efficient and convenient
planning and governance services. Based on EU regulation 2010/40/EU, the development
of such a system evolves gradually and already includes several studies of potential IT
architectures and service concepts to enable connectivity [37–42].

The organisational aspect of the multimodal network is also a relevant aspect to study.
In line with the EU’s Strategic Transport Research and Innovation Agenda [43], various
studies explored the conceptual side of multimodal networks. Several projects, such as
IMHOTEP and TRANSIT, proposed a concept of operations for collaborative decision
making between airport operators and feeder transport stakeholders, including local
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transport authorities, traffic agencies, transport operators, and mobility service providers,
providing travellers with a genuine door-to-door service [44–47]. Other efforts focused
on performance measurements, mobility data analysis methods, and transport simulation
tools for such a multimodal system [5,48,49]. The limitations of such studies are that, as
others previously indicated, they do not consider transport integration in a multimodal way
by including UAM as a crucial future actor. The resulting performance analysis, therefore,
addresses multimodal networks lacking the possibility of efficiently exploiting the vertical
domain in the urban environment.

The research done so far identified different issues present in the existing multimodal
transport networks; some work revealed the speed ineffectiveness of public transport
feeding European airports compared to private cars and taxis [50]. Another study revealed
that by 2035 the passenger type, origin, available travel budget, and travel distance would
also need to be considered when thinking about future D2D travel [51].

As discussed above, the topic of multimodal and D2D travelling has gained a lot of
attention in the scientific community. Nevertheless, there are no studies on the performance
of future transport systems considering the complete trajectory of the passengers (which
could give insight into how passengers could benefit in the future from new transport
technology). Furthermore, despite many research initiatives on multimodal transporta-
tion, supported by programs such as Horizon 2020, there are no studies on how such a
multimodal transport network would affect passenger travel D2D from one country to
another and whether 4 h D2D travel within Europe is feasible. This work aims to fill these
gaps by presenting an innovative approach that enables the modelling and simulation of
the complete D2D passenger journey, while incorporating novel technology as the time
horizons change.

3. Conceptual Design of a Multimodal Network in 2025, 2035, and 2050

To explore how passenger journeys will change with the implementation of multi-
modal networks throughout Europe, we transferred the concept of operations (ConOps) of
such a system into a simulation platform that allows us to estimate its performance. The
evaluated ConOps was the one developed by the X-TEAM D2D project [5–8]. The details
of the ConOps and its background analysis can be found in [52–56]. In particular, in these
documents, the outcome of the project is reported, addressing: the definition of the future
reference scenario for integrated multimodal transport and the related use cases [52], the
incremental design of the ConOps for the integration of the different transport infrastruc-
tures [53,54], and the incremental design of the ConOps for the integration of the different
transport services under a Mobility as a Service (MaaS) approach [55,56]. A summary
describing the relevant elements is presented in the following sections.

3.1. System Outline in 2025

According to the review made by the X-TEAM project [52–56], in 2025, electric vertical
take-off and landing aircraft (eVTOL) for Urban Air Mobility (UAM) operation will be
implemented. On some routes, UAM will be implemented only for testing and demonstra-
tion. It will be managed with procedures and technologies available within the current
Air Traffic Management (ATM) paradigm (either local or international). New mobility
services (NMS), such as car sharing, ride hailing, bike sharing, e-scooters, and e-bikes,
will gain user interest and obtain a significant share in the transport system. First light of
Mobility as a Service (MaaS) and options such as single tickets with an optimised price
considering different travel costs, integrated tickets, and their interoperability (flexible in
case of disruptions) will be available in some areas.

Currently, there is still a lack of tools for exchanging and using data between the
different transport modes in the immediate future. The efficiency of the transport process
still depends on the passenger’s ability to manage their journey. Unfortunately, ATM
operations have not yet become passenger-centric, partly because performance targets did
not consider the impact on passengers. In addition, the complexity of the ATM network
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does not allow the desired response in the event of a disruption. The existing ATM works
with a well-established and proven safety management system but does not allow for rapid
reactions and implementations. In contrast, U-Space is innovative and fast, but its security
and robustness are not yet defined or validated.

The fact that airspace will be shared between manned and unmanned aircraft when
U-Space is introduced makes it necessary to identify and confirm the roles of U-Space
and ATM in terms of airspace and traffic management responsibilities and functions.
Although these services will likely need to interact, there must be no overlap of conflicting
or incompatible services or areas of responsibility. By 2025, conformance monitoring will
rely on currently available Air Traffic Management Communication, Navigation, and
Surveillance (ATM CNS) capabilities and ATM and regulatory reporting mechanisms.

By 2025, there will be an opportunity to increase surveillance and communications
coverage by implementing systems such as Automatic Dependent Surveillance–Broadcast
(ADS-B) and other communications infrastructure. ADS-B does not necessarily scale well
with high traffic density, and coverage is possibly insufficient for all phases of flight. On-
board UAM vehicle systems will be able to collect and disseminate additional information
that can be used to inform conformance monitoring.

MaaS will only be available in some regional areas for a part of the transport modes.
The extension of the C-ITS strategy for Cooperative Intelligent Transport Systems will
promote international cooperation with other major regions of the world on all aspects
of cooperative, connected, and automated vehicles and will decisively advance further
development of a Traffic Information System.

Urban transport (light rail, metro, trams, and regional commuter trains) is still char-
acterised by a diversified landscape. At least a certain convergence in architectures and
systems can be observed. In some cases, these points are linked to the safety of urban
transport systems. In this context, “safety” is anything dealing with the methods and tech-
niques used to prevent accidents. “Security” is concerned with protecting people and the
system from criminal acts. Thus, a coherent and coordinated hazard and risk analysis will
be established and agreed security requirements will be defined for the security-relevant
functions of an urban-managed transport system.

3.2. System Outline in 2035

By this year, ATM will require new procedures and technologies not currently in use
and will introduce Urban Air Traffic Management (UATM) Services to support UAM oper-
ations. These services will vary in type and maturity, from initial procedures and services
to full implementation. Depending on the region, it will not be possible to reduce the
workload of air traffic control (ATC) with the available resources. Trials of new procedures
and technologies will be needed during 2025 to support the case for 2035 operations.

In 2035, a new ATM model will emerge with the support of new technologies and
standards. Fundamental to this will be ATM Data Services Providers (ADSP) support. The
terrestrial component of air-to-ground communications will require high bandwidths. The
new architecture will allow resource sharing across the network and more stable service
delivery to all airspace users.

The Advanced U-Space services will be operational across Europe. In contrast to 2025,
passengers preparing for an intermodal journey in 2035 can use a U-Space service for their
journey.

By 2035, conformance monitoring will provide an ongoing set of information to
manage the operational safety risk of UAM operations. There will be an opportunity to
increase surveillance and communications coverage for all stakeholders (including the
pilot) by implementing current and new communications and surveillance infrastructure
(e.g., new cooperative surveillance technology).
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3.3. System Outline in 2050

According to the X-TEAM project, for the 2050 time horizon, multimodal travel is
characterised by a full range of services. The management systems will bring traffic
management to a much higher level than the previous horizons.

By 2050, a highly automated ATM system with all-weather operation and a higher
safety level will be available. It will cover service- and passenger-oriented management,
relying on high connectivity, automation, and digitalisation.

Complete U-space services will be available. C-ITS traffic systems will use all aspects
of cooperative, connected, and automated vehicles. The collected data will bring the traffic
information system to a robust level. In addition, strategic planning of traffic flows will
be improved, reducing the imbalance between capacity and demand. Based on accurate
and complete data, changes and disruptions can be resolved without loss of travel time.
Mobility as a Service will be possible for every traveller for door-to-door travel, including
the flight segment.

4. Modelling Methodology

To translate the ConOps into a quantifiable design, we developed the case study
considering two regions and their transport networks. As the project was looking into the
far future, and we wanted to assess the complete D2D journey, we used a multi-layered
simulation framework approach, since it was the only available technique that enabled
us to consider the most relevant aspects of the travel, such as distances, speed, locations,
capacity, network structure, and most importantly, the variability inherent to any dynamic
system.

We modelled and simulated how passengers could travel from one town to another in
different European countries. The selected regions are based on two types of airports:

• Regional airport—a non-hub airport without transfer traffic [57]. Hannover airport in
Germany was taken as the base case. In this paper, this airport is referred to as APT-R.

• Hub airport—an airport that serves as a node for connecting different flight legs for
several airlines [57]. Amsterdam Schiphol was taken as the base case. In this paper,
this airport is referred to as APT-H.

The framework implemented the existing and future transport technologies follow-
ing a multi-model approach. The existing transport network was created, verified, and
validated based on existing transport information. The future transport modes were pro-
gressively added depending on the time horizon, considering relevant assumptions and
the ConOps. As the characteristics of many of these future technologies are still unknown,
expert-based assumptions had to be made regarding those technologies’ characteristics and
operational modes.

The conceptual model of the framework is presented in Figure 1. It consists of two
models: the first reproduces the door-to-airport (D2A) leg of the passenger journey, and
the second the airport-to-door (A2D) leg. Different available routes and operations were
modelled in the following way. The transport networks were modelled as a combination of
nodes and edges with different weights and characteristics, where the trajectory started
at the passenger’s origin and used the transport network (depicted in Figure 1 as nodes
connected by edges) until they got to the APT node where the flight takes place. Then the
same conceptual approach was followed for the final leg of the trajectory; the passenger
started at the APT node, used the transport network—which has the available options
of the time—and then got to the final node (final destination). The nodes are capacitated
static elements in the network such as locations, airports, or stations, and the weighted
edges represent the connections between the different locations. The connection between
the two legs is made by another edge representing the flight connecting the two airports
under study.



Sustainability 2022, 14, 13621 6 of 20

Sustainability 2022, 14, x FOR PEER REVIEW 6 of 22 
 

 

the two legs is made by another edge representing the flight connecting the two airports 
under study. 

 
Figure 1. Schematic structure of the ConOps validation framework. 

To make the models dynamic, we used a general-purpose simulator—SIMIO—that 
allowed us to include (apart from the nodes, edges, capacitated servers, and networks) 
dynamic entities such as vehicles and passengers, the variability inherent to the system, 
and a global clock that allowed us to evaluate the system’s performance. The entities are 
injected into the model, and the performance is evaluated when they exit. 

The sub-models were developed using a multi-layered approach [58], where we 
overlaid the model over a GIS layer from OpenStreetMap [59] so that the weighted edges 
consider the real distances between locations and the calculations made by the simulator 
could be as accurate as possible. Interactions of IT systems or management aspects of 
transport systems were not explicitly modelled in this framework. 

A 2D view of the door-to-airport (D2A) model is shown in Figure 2. The presented 
maps correspond to the GIS layer used to determine the scales of transport connections 
for the models. The right image is the origin region (Brunswick), and the left represents 
the area where the regional airport is located (Hannover). These areas are located 60 km 
from each other. The road and railway networks connecting these two areas were mod-
elled by an edge whose weight is the total distance between them. 

Regional airport 
area model

Passengers’ origin

Capacitated servers, 
vehicles, and 

network graph
Stochastic entities

APT

Hub airport area 
model

Capacitated servers, 
vehicles, and 

network graph

Passengers’ 
destination

APT

Figure 1. Schematic structure of the ConOps validation framework.

To make the models dynamic, we used a general-purpose simulator—SIMIO—that
allowed us to include (apart from the nodes, edges, capacitated servers, and networks)
dynamic entities such as vehicles and passengers, the variability inherent to the system,
and a global clock that allowed us to evaluate the system’s performance. The entities are
injected into the model, and the performance is evaluated when they exit.

The sub-models were developed using a multi-layered approach [58], where we
overlaid the model over a GIS layer from OpenStreetMap [59] so that the weighted edges
consider the real distances between locations and the calculations made by the simulator
could be as accurate as possible. Interactions of IT systems or management aspects of
transport systems were not explicitly modelled in this framework.

A 2D view of the door-to-airport (D2A) model is shown in Figure 2. The presented
maps correspond to the GIS layer used to determine the scales of transport connections for
the models. The right image is the origin region (Brunswick), and the left represents the
area where the regional airport is located (Hannover). These areas are located 60 km from
each other. The road and railway networks connecting these two areas were modelled by
an edge whose weight is the total distance between them.

A similar 2D view of the airport-to-door (A2D) model is shown in Figure 3. The PAX’s
destination city of Haarlem is located 10 km from Amsterdam Airport Schiphol (depicted
on the map as APT-H).

The arrival of passengers and most transportation means were generated stochastically
considering the assumptions present in the ConOps. Some elements available in the actual
system (such as buses and trains) were generated on a schedule basis. For uncertain
elements and performances of the future horizons, informed assumptions had to be made.
For example, data sharing in 2025 will increase the system’s transparency, especially in
short-range airline connections, and good connections between the hub airport and the city
by numerous transport modes (trains, bus connections, taxis) will exist.

There will be circumstances that might affect the expected results presented by the
study, such as the regulatory framework for flying vehicles not being in place in the time
horizon or the number of high-speed train connections being reduced in the future instead
of increased. However, they could be part of another set of scenarios not considered in
the current study. For clear information on the assumptions used, the reader is referred to
Section 6.
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5. Passenger Profiles

Passengers and their expected behaviour are based on the distinction between business
travellers (profile B) and other travellers, such as visiting friends and relatives (profile V).
Their characteristics and corresponding expected behaviour are projected in the future
according to three time horizons: 2025, 2035, and 2050. These characteristics were based
on extensive research on political and economic trends, strategies defined by the EC
(goals planned to be achieved in given time horizons), expected future passengers’ needs,
and technologies planned to be available in the target time horizons [52]. It is worth
emphasising here that the X-TEAM D2D analysis of passengers’ needs is based on the
consideration of EU principles of equality and human rights to access public services,
on the achievement of a set of passenger-related data to be combined with ATM and
other transport means data for an affordable, accessible, and seamless multimodal travel
experience, and on the meaningful profiling of multimodal and air transport passengers
from the users’ perspective. In addition, the designed profiles have been validated thanks
to the support of the project-appointed Passengers Advisory Group, including several
stakeholders. The considered use cases are “ATM-centred” (including the role of ATM in
multimodal transport), using available air connections in a given time horizon.

Nevertheless, as the project’s focus is up to the regional level, in the case of the
traditional hub or regional airports, only access and regress to/from the airport are con-
sidered. In addition, the use cases focus on irregular multimodal travels (other than, i.e.,
daily travel to work or school) to better suit the integration in the multimodal network
of also on-demand transportation alternatives, such as UAM vehicles, for instance. The
detailed foresight scenario analysis carried out in the project has been documented in
references [52,55].

Within the same time horizon, variability derives from different abilities associated
with different classes of travellers (younger travellers are expected to not have limitations,
whereas older people, typically over 65-years-old, typically experience some limitations)
and from the different needs arising from the different natures of the trip (typically, business
travellers have different needs and budget limitations than leisure travellers). In addition,
for the same kind of traveller and the same kind of trip, the variability among different time
horizons derives from the different technologies and service possibilities, which will evolve
according to the results of the dedicated studies carried out in the project and reported
in documents [52–56]. These profiles and scenarios take properly into consideration, for
instance, that in the future, in the EU, the percentage of older adults is projected to increase.
However, at the same time, the environmental sensitiveness and the technologically driven
automation possibilities will evolve. Finally, it is worth noting here that profile V (other
travellers) inherently provides an inner variability that assures including in the considered
use cases and profiles as wide a consideration as possible of different needs and expectations
because this profile includes both younger and older travellers. The resulting profiles,
where the variability of the different needs according to the different ages and classes of the
passengers is emphasised, are summarised further. Table 1 overviews the assumed profile
B characteristics and corresponding behaviour, while profile V travellers are presented in
Table 2. More details about assumed passenger profiles and their evolution across time
horizons can be found in [52].
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Table 1. Business traveller profile’s key points assumed across time horizons.

Business Traveller (Profile B) 2025 2035 2050

Travel alone (mainly) 4 4 4

Time constraints/target times 4

Budget limits 4 4 4

A short stay and small luggage 4 4

Might need to work during the travel time 4

Frequent flyer/traveller 4 4 4

Adult (18–70 years), generally in normal health condition (no physical
or sensorial impairments) 4

Can be allowed or not allowed to arrange/rearrange his travel plan
depending on internal procedures 4

Expects a very high comfort standard 4 4

Expects a very short travel time 4 4

Adult (18–70 years), generally in normal health condition (minor
physical or sensorial impairments) 4

Relies on dedicated business services for travel arrangements (no
reservation or payment method constraints) 4 4

Full flexibility for travel plan changes 4 4

Might travel for long stays with large/heavy luggage 4

Adult (18–75 years) with possible physical or sensorial impairments 4

Must comply with environmental performance targets set by
their company 4

Table 2. Other travellers’ profile’s key points assumed across time horizons.

Other Travellers (Profile V) 2025 2035 2050

Travel in small or larger groups (mainly) 4 4 4

Unless specific travel reasons (a ceremony, family issues, etc.) have
relatively low time constraints 4 4 4

Have budget limits 4 4 4

Can have larger/heavy luggage or other items such as sports
equipment, walking aids, etc. 4 4

Might need assistance (children, elderly, disabled people) 4 4 4

Can be or not be a frequent flyer/traveller 4

Can be of any age range, from baby/children to very elderly 4 4 4

Can have any kind of physical or sensorial impairment 4 4 4

Free to arrange/rearrange the travel according to the preferences 4 4 4

Might have constraints in payment methods (unavailable credit
card/cash, etc.) 4

Might encounter language/communication barriers 4

No constraints for reservation or payment methods 4 4

Sensitive to environmental footprint of their journey 4 4

No communication limitations thanks to technology support 4

Only personal items/small luggage as luggage will be picked up and
delivered door to door (except for walking aids/stroller) 4

Frequent short-stay/medium-distance travels 4

No communication limitations (owing to good education and/or
technology support) 4

6. Experimental Set-Up

The simulation experiments considered the complete D2D journey under three time
horizons—2025, 2035, and 2050—giving a total of two groups of nine scenarios. The state
of the transport network in each time horizon was:

• No disturbance or normal operations; all transport operates according to its schedule,
if applicable.

• An ad hoc disturbance occurs on one of the transport modes when the passengers are
on their way to use it.
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• A disturbance occurs five hours before passengers start their trip on one of the trans-
port modes.

Each experimental scenario simulated 24 h of passengers travelling in Europe from
Brunswick in Germany (where a regional airport is in place) to another country, Haarlem in
the Netherlands (where a hub airport is available). A combination of real data and expected
performance (based on reports from manufacturers) was used to make the scenarios as
realistic as possible. The transport modes simulated in 2025 represent transport options
available for passengers in Germany and the Netherlands in 2020 and 2021. During the
journey, passengers used the available transport modes in the following way.

6.1. Scenarios in 2025

A multimodal journey must be planned and managed by the travellers. Planning can
be done with the use of online services provided. Buying tickets in advance is possible,
checking in at least the day before the flight, and using remote ticket validation systems.
Flights are booked via a travel agency app or the internet in advance. In case of disruptions
on one of the transport modes, the passengers must replan the journey on the spot and
must switch to available alternatives within their budget. Figure 4 schematically shows the
assumed journey of business passengers and other travellers in 2025.
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6.2. Scenarios in 2035

The exchange of information between air transport and surface modes, together with
access and communication with the user’s portable device, provides the travellers with
all data concerning their multimodal journey in advance (at least a day before the day of
the journey). The travellers are provided with alternatives, allowing them to react in time
(concerning their requirements, e.g., related to disabilities). Privately generated data will be
available for service providers, and daily demand forecasts will become possible, making
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the transport system more efficient and sustainable. The travellers have the possibility to
modify their journey a day before travel (select other modes according to their preferences).
Travellers will be offered to purchase one single ticket for the entire journey with access
rights to change modes. Check-in is done automatically at the start of the journey. Owing
to technology development, more users’ focus will be on personal needs, as well as the
impact on the environment.

Information about disruptions (e.g., delay) will be available for the travellers in a very
short time, and if necessary, the travellers will be provided with available alternatives (in
respect to their requirements, e.g., related to disabilities). This allows the travellers to react
in time. In case of a lack of alternatives, the travellers will have to manage disruption by
themselves using mobile applications providing data gathered from transport operators.
The journey’s structure in 2035 for travellers is shown in Figure 5.
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6.3. Scenarios in 2050

Travellers are provided with all data concerning their multimodal journey at least
every hour during the journey. It is possible to modify the journey even on a day of the
journey (select other modes according to their preferences). Travellers purchase one single
ticket for the entire journey with access rights to change nodes. The offer will be designed
based on smart pricing favouring preferred/prioritised modes of transport (regarding
applied policies such as carbon footprint or emissions, sustainability level). Solutions will
cover all or almost all publicly available means of transport. Time spent on changing
nodes will be reduced thanks to the total management system approach applied (System of
Systems management). Completed digitalisation will allow travellers to make the transport
mode fitter to their individual preferences/needs: Next door is an NMS service, including
e-bikes/e-scooters and an electric autonomous car-sharing depot.
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In 2050, there is no difference for the traveller between disruptions five hours prior
to departure and during the journey. In case of disruption, information about it will be
available immediately, and if it is necessary, the traveller will be provided with the required
actions on their side. The travellers will have the possibility to modify their journey the
day of the journey and select other modes according to their preferences/needs.

Disturbances in 2050 with internal reasons such as failure or accidents originating
outside the system will be very rare. The time for recovery will be extremely short due to
using immediate activation of resources of other modes of transport. Figure 6 presents the
steps of the journey in 2050 for business and other travellers.
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6.4. Experimental Assumptions about Passengers

Different passengers have different needs and expectations, resulting in multimodal
transport systems performing differently depending on the specific passenger type using
the service. To represent such differences, different groups of passengers were simulated
with different walking speeds. The speed varied according to age, physical and sensorial
ability, gender, number of group members, and many other variables [52,60]. These speed
characteristics were adapted from [61], as listed in Tables 3 and 4.

Table 3. Profile B passengers’ composition and walking speed assumptions.

Business Passenger Category 2025 2035 2050 Walking Speed, m/s

Older than 65 6% 9% 25% Normal (1.18, 0.251)
Younger than 65 94% 91% 75% Normal (1.445, 0.217)
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Table 4. Profile V passengers’ composition and walking speed assumptions.

Other Passenger Category 2025 2035 2050 Walking Speed, m/s

Without children and younger than 65 65% 58% 46% Normal (1.445, 0.217)
Older than 65 19% 25% 32% Normal (1.180, 0.251)

With children and younger than 65 10% 9% 12% Normal (1.215, 0.188)
With impairments 6% 8% 10% Normal (1.175, 0.304)

Furthermore, other assumptions were made regarding the number of passengers in
each group and their journey starting times. These assumptions are listed in Table 5.

Table 5. Experimental assumptions for generating passenger profiles in 2025, 2035, and 2050.

Feature Profile B Profile V

Maximum number of PAX groups generated 1000 1000
Time between PAX groups, min Uniform (0, 30) Uniform (0, 30)

PAX group arrival rate, PAX groups Uniform (0, 10) Uniform (0, 10)
Number of people in PAX group 1 Uniform (1, 4)

First PAX group starts their journey 05:00 07:00
Last PAX group starts their journey 23:00 20:00

6.5. Experimental Assumptions on Transport Modes

Different modes of transport were modelled for various travel options considered in
the coming decades. A set of informed modelling assumptions (evaluated by subject matter
experts) was defined for each scenario. Where possible, the operational characteristics
of mobility services were adapted from the corresponding service operators [62–66]. The
following assumptions are considered in the experiments:

• All passengers have pre-purchased travel tickets; therefore, no purchasing time was
considered during the journey.

• Travelling time in the first transport modality also includes walking time to the first
transport station from the passenger’s origin location.

• All transport modes in 2035 and 2050 are carbon-neutral (electric transport).

Furthermore, for air transport, the following parameters are adopted:

• Flight Hannover–Amsterdam always departs at the scheduled time.
• Flight Hannover–Amsterdam’s schedule corresponds to the schedule in 2021 [67].
• Embarkment on the aircraft always ends 20 min prior to the departure time.
• If passengers arrived at the gate after the end of the embarkment, they had to stay at

the airport to take the next flight on the schedule.
• Flight time considers the time between the aircraft take-off at the regional airport and

the landing of the aircraft at the hub airport.
• eVTOL and ATM operation does not consider possible airspace limitations

and regulations.
• eVTOL embarkment and control procedures/de-boarding take three to ten minutes

per person.
• Differences in piloted and unmanned eVTOL operations are not considered.
• Additionally, road transport was simulated under the following parameters:
• Since currently there is no information regarding the future design of road networks in

Germany and the Netherlands, the road infrastructure and its operational conditions
were assumed to remain unchanged through all time horizons and correspond to the
existing infrastructure state in 2020.

• Bus stops are in direct proximity to PAX origins.
• Boarding/de-boarding an e-scooter takes five seconds per person.

For railway transport:
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• The railway infrastructure and its stations’ locations remain unchanged through all
time horizons and correspond to the existing infrastructure state in 2020.

• The train schedule remains unchanged and corresponds to the schedule in 2020
published by Dutch Railways [65] and German Railways [66].

• Water transport operations:
• Water transport operates under speed regulations and uses navigable inland waters

existing in 2020 in the North Holland province of the Netherlands [68].
• Ferry boarding/de-boarding takes five seconds per person.

Assumptions considered for simulating travel in 2035 and 2050 are presented in Table 6.
Other mode-specific and detailed overviews of assumptions for each time horizon can be
found in [60].

Table 6. Experiment assumptions for transport modes in 2035 and 2050.

Mode APT
Type

Capacity of
One Unit

Average
Speed,
km/h

Arrival
Mode

Interarrival
Time, min

Activity Radius, km/
Ride Duration, min Availability

e-scooter APT-R 1 50 on-
demand - Uniform (5, 15) -

eVTOL APT-R 4 200 on-
demand - Uniform (10, 15) -

HST B-H 1 APT-R 391 200 schedule ~29 min - 2:36–00:20
HST H–APT-R 2 APT-R 391 200 schedule 30 - 04:35–01:33

flight - 75 - schedule 06:00 11:25
18:15 Uniform (45, 65) -

ferry APT-H 50 60 schedule 10 19.2 km 05:00–01:00

e-scooter APT-H 1 50 on-
demand - - -

e-taxi APT-H 1 per-
son/group

Uniform
(50, 57)

on-
demand - Uniform

(19, 23) km -

1 Highspeed train Brunswick–Hannover centre. 2 Highspeed train Hannover centre–Hannover airport.

7. Results

The following figures present the main results. We focused on the evolution in the
quality of passenger travel in the expected horizons. Figure 7 presents the outcome for
travel distance.

In the scenario without disturbances across time horizons for business travellers
(Profile B), it can be noticed that, in 2035, disturbance on one of the transport modes results
in the need to cover a 3% longer distance on the same route compared with 2025. The
situation will improve by 2050, as this type of passenger travels only 1% further in 2050
compared to 2025. However, in the case of disruptions in 2050, the total travel distance
could be reduced by 2% compared to 2025. Furthermore, in future disruptions in 2050,
business travellers will take advantage of the multimodal transportation system and can
shorten their total travel distance by 3% compared to the scenario without disturbances.
This outcome reveals the resilience developed with the use of novel technology.

For regular travellers (Profile V), it can be noticed that multimodal networks generally
reduce the travel distance required to reach the destination by 2% in 2035 and 2050. In
case of ad hoc and early disturbances, other travellers can benefit significantly from the
multimodality and decrease their travel distance by 1% in 2035 and 10% in 2050.

Regarding Figure 7, presenting the impact on total travel distance, in general, when
there is a disturbance, the distance could be increased in some cases (in 2035). However,
the passengers are forced to use a faster (and probably more expensive) mode to reach their
destination. In this study, we did not consider economic factors; however, the results reveal
that it could be an interesting indicator to consider so that the balance between efficiency
and cost is more transparent.
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Regarding the average speed of travel (Figure 8), it can be noticed that in 2050 the
travel speed will increase by 21% on average for both passenger profiles. Notable is that in
2035 disruptions slow the travelling of business passengers. However, in 2050, disruptions
no longer impact their average travelling speed, revealing that the system becomes more
resilient with the implementation of novel technology providing better options.

Another indicator considered is total travel time per passenger. Figure 9 illustrates
that the system evolves toward reducing total travel time for both categories of passengers,
as there is a clear tendency to reduce travel time as we approach 2050. It is important to
note that, in the case of disruptions, the total travel time is not affected for both types of
passengers. This might be another indicator of the system’s resilience, as it can absorb the
disruptions without affecting the passengers.

Furthermore, it is also important to mention that, for the first time, we can estimate
what the total travel time D2D could be when the new transport modes are available. An
average of 6.5 h can be expected for regular passengers in 2050 under normal conditions;
for the case of business passengers, we can expect an average of approximately 6 h. In the
case of disruptions, these values are reduced, as the passengers are forced to take speedy
alternatives to avoid missing their flights. In extreme cases, we notice that the trajectory
can be made in 2.5 h by business and regular passengers.
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8. Conclusions, Limitations, and Future Work

In this paper, we presented a simulation framework that enabled us to construct a
complete door-to-door journey in Europe for the first time. We used a simulation-based
framework to investigate the impact of future transport modes under the European project
X-Team D2D where future transport technologies for passengers’ travel are considered. We
devised performance indicators that can also be considered as proxies for resilience, level
of service, or environmental emissions. The evaluation of the complete journey gave us the
first insights into how the transport system can evolve in the future and obtained initial
values of its performance indicators.

According to the results, as the system’s integrations evolve towards 2050, the fol-
lowing conclusions can be drawn considering the two main categories of passengers in
the study. First, with regards to total travelled distance, we can perceive a reduction in
the travelled distance in the future for regular passengers, and this is more evident in the
scenarios with disruptions. The reason for this might be that, under those scenarios, the
passengers are forced to use alternatives that are more direct than public transport (the no
disruption scenarios). In the case of business passengers, the impact is not as high; this
might be because they are assumed to use the fast alternatives that reduce the travelled
distance the most.

Regarding average travel speed, a positive trend is noted as time evolves and new
and faster technology is incorporated into the system. This is evident as, for instance,
passengers’ travel speed is increased by 21% compared to today’s transport networks.

Concerning total travel time, we can infer from the statistics that the impact of new
technology on the transport systems is positive, and the travel time is reduced. In both
categories, but more evident in the general population (Profile V), there is a clear trend
towards reducing travel time. Furthermore, using this indicator as a proxy for the system’s
level of service or resilience (in the scenarios with disruptions), we can conclude that the
level of service will be improved with new systems and alternative transport modes. With
regard to resilience, since the total travel time in the disrupted scenarios is not negatively
affected, we can conclude that the resilience of the system is improved.

The presented study has some limitations, since the scenarios combine real actual
data from the current systems and expected performance in combination with informed
assumptions (particularly those for the scenarios of 2035 and 2050). We would expect some
inaccuracies in the obtained values, but in any case, they can be treated as an upper bound
of the real situation if the system in place is similar to the one presented in the study. We
would also revise assumptions such as passengers arranging and planning their trips in
advance or the time spent in the airports in the future; furthermore, algorithmic governance
was not considered in the study, and that could positively impact the performance of
systems (especially in 2050).

In future work, these elements will be revised, and we will focus on the extreme cases
in which the performance was the best to understand which conditions are fulfilled to
make the journey more efficient. We will use the framework to investigate further door-to-
door travel, as how the 4 h door-to-door travel is achievable in the future is an interesting
question.
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