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1 Executive Summary

The objective of X2Rail-3 (Grant Agreement No. 826141) Task 7.5 is an analysis of the business
model for the Virtually Coupled Train Sets (VCTS) concept. The VCTS concept was developed in
X2Rail-3 Work Packages 6 and 7. The MOVINGRAIL project, which was the only project funded
under the IP2 open call S2R-OC-1P2-01-2018, provided inputs concerning the cost effectiveness,
application roadmap as well as business risks and overall market potential of VCTS. This
deliverable (D7.5) is the outcome of Task 7.5. First, it provides an analysis of the inputs provided
by MOVINGRAIL, putting them in context with previous X2Rail-3 work. Then, taking the
conclusions of the analysis into account, two different application cases for VCTS are presented.
Strategies to implement the application cases are detailed, including a vision for implementing
VCTS within the RCA and OCORA reference architectures. Finally, the business case of VCTS is
compared against business objectives identified within the LinX4Rail project.

The application cases for VCTS presented in this deliverable are standalone VCTS and ETCS-
based VCTS. Standalone VCTS is an application of VCTS that focuses on low-traffic lines that
are today using Class B signalling systems that cannot be upgraded to ETCS in a cost-effective
way. In summary, it is a low-cost onboard train protection system which has the objectives of
providing an economically interesting upgrade path for Class B systems and raising the maturity
of the underlying technology required for VCTS, thus, fostering the wide-scale introduction. ETCS-
based VCTS is an application of VCTS that focuses on high-traffic lines and bases on ETCS Level
2 or Level 3. ETCS-based VCTS is the actual goal of the VCTS concept and has the main
objectives of reducing headway and improving flexibility of operation in order to increase line
capacity and provide the technical basis for innovative business models.

For each application case, a migration strategy is presented, detailing the non-technical and

technical steps required for implementing and on-site testing a first complete demonstrator within

a period of three to five years. The migration strategies provide details for train protection, traffic

management, automatic train operation, on-board train integrity, communication and VCTS (on-

board and trackside, if applicable) sub-systems.As det ai l ed in Deliverabl e 7
which was prepared in parallel to this deliverable, the introduction of VCTS does not change the

fundamental principles of any of the existing sub-systems, i.e., a full rework is not required.

Beyond the migration strategies, the vision of implementing ETCS-based VCTS within the RCA

and OCORA reference architectures is presented, which would imply software changes only and,

thus, simplify the migration considerably. Finally, the impact of VCTS is compared against the

business objectives identified in the LinX4Rail project. Taking the presented migration strategies

and MOVINGRAIL input into account, it is shown that VCTS is in line witht he RUs 6, | Ms 06
s u p p | business dbjectives.

Ultimately, VCTS is an innovative concept that can raise scepticism by operators and the general
public. Its safety can be achieved within the near future, but this needs to be communicated clearly
to foster the acceptance of VCTS. Only then, VCTS cannot only improve current railway operation
with increased capacity, reliability and lower operational costs, but even provide the basis for novel
business models that benefit from the increased flexibility.
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3 Abbrevi atiomesnyamsd A

Abbreviation / Acronyms

Description

ATO Automatic Train Operation
ATP Automatic Train Protection
CBTC Communication-Based Train Control
CCS Control Command and Signalling
DMI Driver Machine Interface
EoA End of Authority
ERA European Railway Agency
ERTMS European Rail Traffic Management System
ETCS European Train Control System
EUG ERTMS Users Group
EVC European Vital Computer
FRCMS Future Rail Communication Management System
GA Grant Agreement
GNSS Global Navigation Satellite System
GoA Grade of Automation
GPS Global Positioning System
GSM-R Global System for Mobile Communications T Rail(way)
IM Infrastructure Manager
IP Innovation Program
IXL Interlocking
121 Infrastructure to Infrastructure
JRU Juridical Recording Unit
LTE Long Term Evolution
MA Movement Authority
MC Mechanical Coupling
MCTS Mechanically Coupled Train Set
OB On Board
OTI On Board Train Integrity
RAMS Reliability, Availability, Maintainability, Safety
RBC Radio Block Centre
RU Railway Undertaking
S2R Shift2Rail
SIL Safety Integrity Level
SRS System Requirements Specification
STM Specific Transmission Module
SW Software
T2G Train to Ground
T2T Train to Train
TCMS Train Control and Monitoring System
TD Technical Demonstrator
TI Train Integrity
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TMS Traffic Management System

TRL Technology Readiness Level

TS Trackside

TSI Technical Specifications for Interoperability
UNISIG Union Industry of Signalling

VCTS Virtually Coupled Train Sets

WP Work Package
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4 Background

The present document constitutes the first issue of Deliverable D7.5 fBusiness Modeldo i n t he
framework of the Project titl edCominrudicatomSysed (IR gnal | i
and IP5) i Prototyping the future by means of capacity increase, autonomy and flexible
communicati ono ( Pr o3 6rant Agleemerd Noy886141 KP. Ra i |

4.1 Aim of this document

This document was prepared to provide an insight into the business model of Virtually Coupled
Train Sets (VCTS), covering the introduction and operation of this innovative concept. The concept
itself was developed in work packages 6 and 7 of the Shift2Rail project X2Rail-3. More specifically,
deliverables 6.1 iVCTS Concept and Application condition analysiso[2] and 6.2 fPerformance and
Safety Analysisodefined the functions of VCTS, identified operational scenarios and hazards. The
resulting VCTS concept was further analysed and specified in the subsequent deliverables 7.1
freasibility Analysiso[3], 7.2 fSystem Functional Architecture Specificationo[4] and 7.3 fBystem
Functional and non-Functional Requirements Specificationo[5].

This document consists of two main parts: First, the evaluation of the results of the Shift2Rail open
call S2R-OC-1P2-01-2018 Mnalysis for Moving Block and implementation of Virtual Coupling
conceptounder which the business case of VCTS was analysed. The second part presents the
strategy and vision for the implementation of VCTS. Two application cases are presented that
have different objectives: Standalone VCTS and ETCS-based VCTS. Standalone VCTS aims to
provide an economically interesting upgrade path for Class B systems that at the same time
fosters the widescale introduction of VCTS by raising the maturity of the underlying technologies.
The ETCS-based application case has the objectives to increase the capacity of the railway
network and provide improved flexibility of service, it describes the application case of VCTS that
the concept was designed for.

4.2  Further project information

The AAdv anchkadnalgreanfefnitc & Contr ol Systemso pillar
command and communication systems and tackles the Shift2Rail (S2R) objectives. These

include evolving requirements for new functionalities and expanding the level of standardization

in an increasingly challenging economic climate.

The IP2 challenge is to increase functionalities of the existing signalling and automation
systems as well as related design and validation processes, thus, providing a more competitive,
flexible, real-time, intelligent traffic control management and decision support system. This is to
be achieved whilst addressing all four market segments (High speed, Regional, Metro and Freight)
and maintaining backward compatibility to the existing European Rail Traffic Management
System (ERTMS) and especially its European Train Control System component (ETCS).

Within this program, the S2R-project X2Rail-3 aims to continue the research and development
of key technologies to foster innovations in the field of railway signalling, telecommunication,
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testing methodologies and cyber security, as part of the longer term Shift2Rail IP2 strategy
mentioned above.

X2Rail-3 targets a number of different innovation streams (Technical Demonstrators i TD),
focussing on different aspects of the signalling and automation systems. Within these, two
dedicated work packages (WP6 and WP7) aim to investigate an innovative concept of Virtual Train
Coupling, capable of operating physical traction units at distances below absolute braking distance
and providing the basic functionalities to dynamically modify their own composition on the move.

4.3 VCTS Concept of X2Rail-3

This section summarized the virtually couples train sets (VCTS) concept as defined in WP6 and
WP7 of X2Rail-3.

4.3.1 Concept Overview

I n t od a yod,dypicalpngleraentations of train signalling- and protection-systems are based
on the absolute braking distance of the trains, utilizing either a fixed blocks approach or planning
to utilize the moving blocks approach. These are the two most common philosophies currently
applied in worldwide railway operation:

1 With fixed blocks (e.g., ETCS Level 1/ Level 2), the track is divided into several sections
and train movements are authorized up to the entry point of the next occupied section.
Trains set their target for stopping, also called End of Authority (EoA) at the beginning of
the next occupied section. This solution does not maximize the railway capacity, as a whole
section is blocked even if the trains is about to leave the block.

1 The moving blocks approach (e.g., ETCS Level 3) tries to overcome some limitations of
fixed blocks by setting the E0A directly at the rear end of the next train on the track. In this
concept, trains must be able to 1) safely determine their own rear end position and 2)
update their position to the signalling system continuously. Therefore, reliable, precise and
continuous train integrity validation, vehicle location and communication are necessary.

Although current systems have been optimized for line capacity, both cases leave room for
improvements due to the absolute braking distance approach. Even for moving block, while setting
the EoA at the rear end of the front train, it is considered that the following train must be able to
brake assuming that the first train stops instantaneously, regardless of its current speed and
braking curve.

Utilizing that potential, the next step is the virtual coupling, where trains exchange its braking
capabilities to follow cooperative (and ideally regularly updated) braking curves, which allows
trains to move much closer to each other and even couple and decouple dynamically (detailed
below).

In common signalling and train protection systems, trains are never allowed to drive closer than
their absolute braking distance. To allow backward compatibility, a group of trains that are virtually
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coupled with each other (a virtually coupled train set, VCTS) must be seen as one single train by
the current signalling system, analogous to a mechanically coupled train.

4.3.2 Train Sets

4.3.2.1 Mechanically Coupled Train Sets

A mechanically coupled train set, or MCTS (see Figure 4-1), is a set formed of two or more trains
that can also drive independently. The MCTS is based on the mechanical coupler, the device that
connects the trains mechanically and serves as a bridge to transfer force, information and often
also pressure for the pneumatic brakes.

Traditionally, in mechanically coupled trains the coupler performs two basic functions. Keeping
the relative position between the coupled units fixed as well as transmission of information
for braking the train co-ordinately. Most modern mechanical coupling systems are combined with
additional functions, such as transfer of additional information electrically or pneumatically as well
as collision mitigation systems.

The coupling and decoupling procedures of mechanically coupled trains are well-established in
the railway system. The definition, where and when trains are joined and separated, is based on
their compatibility, destinations and schedules. Coupling is done with one train in standstill and
the other one approaching at low speed (driving on sight) until the mechanical connection betwe en
the trains is established. This can be done by manual interlocking of the mechanical connection
by an operator or, in modern systems, by automatic coupling. The same is true for the connection
of the air pressure pipe and additional data interfaces. Finally, the train integrity is checked and
the train set can be baptized to be recognized as one single train by the signalling system. For
decoupling, the steps are performed in the opposed order.

Mechanically Coupled Train Set

|
[ Train 3 Train 2 Train 1 "

— ~ ~ ~

Figure 4-11 Example of a mechanically coupled train set  (train graphic by DLR, NGT Project)

4.3.2.2 Virtually Coupled Train Sets

The concept of virtually coupled train sets aims to replace the mechanical coupling established by
conventional railway operation by a virtual link. It is based on the permanent, reliable and safe
exchange of relevant information between the consists (trains) of a platoon and additionally with
the TMS, signalling and interlocking system. Therefore, the moving units are aware of themselves
and of their environment at all times. The concept is visualized in Figure 4-2.
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Virtually Coupled Train Set

A
. . . |
Consist 3 Consist 2 Consist 1
Jp— D Gy " N Gy -
St—— e el Sp—— s e p——

Figure 4-21 Example of a virtually coupled train set

The shift to a virtual link means that trains within the platoon may have, at any time, different
kinematic behaviours since no physical connection is implemented. The core of virtual coupling
thus becomes the capability of maintaining a safe distance between trains which are not physically
(mechanically, electrically and pneumatically) linked and, at the same time, to allow movements
of trains as close as possible.

This distinction highlights that VCTS is not simply a mechanism to transfer controls and feedbacks
from a master train to the slaves, but also a whole set of functions to supervise trains headway
control, which needs to be implemented by means of a specific cooperation strategy between the
trains of a virtually coupled platoon. Within the VCTS concept, the coupling procedures can be

di stinguished between the extremes

of fApure

stati

process at standstilljhant@dlggyndmrcngotpki ngdBon

4.3.3 Goals and Benefits of VCTS

Considering the abovementioned remarks, several major benefits of the VCTS approach over the
traditional railway operation scenario can be derived. Those advantages are listed below:

1 Increase line capaci ty by reducing the headway
1 Enhance line efficiency and operational flexibility by reduced coupling time and new
consist building procedures
0 Consists can be established or dissolved while in operation
0 Faster consist building procedures
1 Increased robustness of schedule
i Gaining interoperability between different vehicle:
o0 Types
o Models
o0 Manufacturers
1 Enabling vehicles to operate in different signalling systems
1 Maximized utilization of platforms  and passenger comfort
1 Reduce global investment -, maintenance - and op erational costs
0 Adding on-board and trackside signalling/electronic systems, instead of tracks or
heavy changes of the infrastructure
0 Reduction of materials (cables, etc.) and therefore mitigation of weight- and
design-constraints of rolling stock
0 Omission of manual coupling procedures or sidetracks
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1 Increase competitiveness in railway freight and passenger transportation against road
transportation
1 General support of the global Shift2Rail goal to address climate change

The available and utilized technology is the key driver regarding the achievable performance by
VCTS in terms of network capacity, reliability, safety, etc. Depending on the
selected technology, VCTS will be allowed to achieve different levels of
performance. However, the minimum goal is to increase the line capacity to at least the ETCS
Level 3 specification, while reaching an equal or better safety performance. Whichever the
technical solution applied to implement VCTS is, it must comply in any case with the safety targets
of the VCTS functions and the safety requirements of local authorities and the operating signalling
system.

4.4  Shift2Rail Open Call S2R-OC-1P2-01-2018

One of the main aims of T7.5 is the evaluation of outcomes from the Shift2Rail Open Call S2R-
OC-IP2-01-2018 that was part of the Shift2Rail Work Plan 2018 and closed for submissions in
Aprilofthesameyear. The t opi c o fAnatydisdor MoairigIBlock and imlementation of
Virtual Coupling concepta Projects funded under this call were expected to define approaches for
testing of Moving Block signalling systems, provide feedback on Moving Block Operational and
Engineering rules and analyse the business case, communications structures and input from
automated car driving for VCTS. Concerning the business case of VCTS, i.e., the relevant aspect
for this deliverable, the activities of the funded projects were expected to cover (summarized,
details can be found in the Shift2Rail Work Plan 2018):

1 Identification of potential markets (as defined by the Multi Annual Action Plan) which can
be interested to introduce VCTS.

1 Costleffective analysis assessing the potential benefits of VCTS application, from the
point of view of an operator, highlighting pros/cons in terms of performances compared
with the traditional train separation system (Fixed and Moving Block).

9 For each market segment, provide the expected roadmap for the introduction of VCTS
focusing the main business and market actions, necessary to foster the application of
VCTS.

9 For each market segment, identify the potential risks in terms of business due to the
introduction of VCTS. Also providing actions, suggestions, mitigations in order to
overcome the potential obstacles.

The only project funded under S2R-OC-IP2-01-2018 was MOVINGRAIL? iMOving block and
Virtual coupling New Generations of RAIL signallingd ( Gr ant a ¢82684F)midendrojedt D :

1 https://ec.europa.eu/research/participants/data/ref/h2020/other/wpl/jtis/h2020-wp18-shift2rail_en.pdf

2 https://movingrail.eu/
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was funded from 1% of December 2018 until 31%' of December 2020. The deliverables produced
under Work Packagal g$siBusin¥sstual Couplingo are
and evaluated in Section 6.

45 Structure of the deliverable

The remainder of this document is structured as follows: Chapter 5 summarizes the objective as
defined by Grant Agreement 826141. Chapter 6 evaluates the analyses of the business case of
VCTS that were performed within the Shift2Rail open call S2R-OC-IP2-01-2018 and discusses
the results in the context of X2Rail-3 WP7. Chapter 7 identifies two alternative application
opportunities for VCTS based on the discussions of Chapter 6. Chapter 8 focuses on the first
application case: Standalone VCTS, which is a limited application of VCTS targeting low-traffic
lines that can even be seen as an intermediate step fostering ETCS-based VCTS that is analysed
in Chapter 9. Finally, Chapter 10 concludes our findings.

GA826141 Pagel8of 104



X2Rail-3 Deliverable D7.5
Business Model

5 Objective

The objective of D7.5, which is the result of T7.5, was defined by Grant Agreement 826141 as
follows (full quote, highlights are ours):

1 T7.57 Analysis of the Business Model
Together with a tight cooperation with the S2R-OC-1P2-01-2018 (Analysis for Moving
Block and implementation of Virtual Coupling concept) the task aims:

0 to check the outcomes (Business Case) produced by the Open Call

0 to analyse the best options and the  strategic vision to be adopted by the
RU/IM and the Suppliers for fostering and introducing the VCTS.

1 D7.57 Business Model
Output of Task 7.5. Document providing the analysis of the application of VCTS in
some selected markets including the best strategy and vision which might foster the
introduction of such innovative system.

The time duration of T7.5 was defined as month 30 to month 36 of X2Rail-3, i.e., May to November
2021, where D7.5 was due in month 35 (October 2021). This is the same duration as T7.4 / D7.4
iSystem | mp anith rah m pdrajleof T§.6 / D7.5. Due to the short amount of time and
the parallelism of the tasks, inputs were shared between them but presented with different foci.
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6 Busi ness Case §§2®CubBRR12®r 80 f

As detailed in Section 4.3.1, the MOVINGRAIL project, which is the only project funded under the

open call S2R-OC-1P2-01-2018, is a main input of for this deliverable. This chapter evaluates the

results of deliverables D4.1 to D4.4 of MOVINGRAIL, which were the output of WP4 A Busi ness
Anal ysi s of \The éevalution i€done nilcoampagsodn to the results of WP6 and WP7

of X2Rail-3, i.e., D6.1, D6.2 and D7.1, which are another main input of this deliverable.

Specifically, the deliverables from MOVINGRAIL reviewed in this chapter are:

1 D4.1 iMarket Potential and Operational Scenarios for Virtual Couplingo[6]
1 DA4.2 iCost Effective Analysis for Virtual Couplingo[7]

1 D4.3 Application Roadmap for the Introduction of Virtual Couplingo[8]

1 DA4.4 iBusiness Risk Analysis of Virtual Couplingo[9]

The following Sections 6.1 to 6.5 provide a summary of the main definitions and results concerning
the business case analysis of VCTS presented in D4.1 to D4.4 of MOVINGRAIL. Section 6.6
provides a discussion of these results in the context of X2Rail-3 WP6 and WP?7.

6.1 VCTS Concept of MOVINGRAIL

VCTS in MOVINGRAIL (MR) is defined as a concept based on moving blocks, i.e., its aim is to
further increase the capacity of ETCS Level 3. VCTS has two main objectives (MR D4.1, p. 20ff.):

1 Objective 1. reduce headway . Increase capacity by grouping trains such that they can
be treated as one train in interlocking areas (e.g., to resolve occupation conflicts when
multiple trains approach a merging junction).

1 Objective 2: improved flexibility of operation . Coupling/decoupling on the fly can
enable to more frequent, shorter trains.

That ETCS Level 3 is seen as the basis of VCTS has certain implication s on the implementation
(see Figure 6-1, further discussion in Section 6.6):

9 ETCS Level 3 can be used as the fallback, e.g., in case T2T communication fails.

1 Aleading train is controlled as in ETCS Level 3 whilst the following train receives speed
and brake command data from the leader.

9 The lack of Train Integrity Monitoring (TIM) technologies, especially for freight, is
hindering ETCS Level 3 implementation and will thus hinder VCTS implementation.
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State 1: ETCS L3 running
Coupling condition:
EoAyc — Sp < teoora " Va

Coupled running condition:

|VB _VAl S thv and

|[EoAyc—Sg| < thy 0A,c and leade

peed reached

State 3: Coupled running Unintentional
decoupling condition:
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________________________________________
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diverging junctio

Intentional
decoupling condition:
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State 5: Intentional decoupling Intentional

decoupling condition:
|EoA — Sp| < Abd Is leader

Yes diverging?

<€

Approachinga train
after the junctionZ

Figure 6-1 VCTS states as presented by MOVINGRAIL D4.1
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6.1.1 Requirements
Within MOVINGRAIL, the following requirements for an implementation of VCTS are formulated:

1 As mentioned, ETCS Level 3 needs to be implemented and available as a fallback.

Train position reporting is performed via radio communication with the RBC.

MA is broadcasted to trains by the RBC.

Automatic Train Operation (ATO) shall be equipped to all trains for automated driving.

Trains need to exchange speed, acceleration and position information and a Vehicle to

Vehicle (V2V) communication architecture is therefore required.

1 Switches need to be upgraded to support diverging junctions with lower than braking
distance.

1 Cooperative management of railway traffic is required to optimise the
composition/decomposition of based on their origin/destination pairs, their service
category, and the congestion level at neighbouring bottlenecks.

=A =4 =8 =

These are basic requirements that enable the implementation of VCTS. Drawing conclusions from
analysing the impact on capacity of VCTS, two additional requirement s for an optimised
operation of VCTS is formulated in MR D4.2 (p.87):

9 fMAn advanced traffic management system is required to optimise the formation of virtually
coupled platoons based on multiple factors such as track speeds and interstation
distances.0

9 fAlso, the real potential of VC would be unleashed when redesigning switch technologies
since the capacity analysis here performed assumed current switches where diverging
virtually coupled trains in a convoy will need to be separated by an absolute braking
distance as it occurs for MB.0o

These requirements point at the research necessary for advanced planning algorithms that can
handle the changes to operational procedures by VCTS as well as shortcomings in switch
technology that are targeted by projects like Repoint®, which is close to commercialization.

6.1.2 Challenges

The following main challenges in fulfilling the requirements stated in the previous section and that
need to be solved for an implementation of VCTS are identified. Each challenge is presented
together with a mitigation recommended by the MOVINGRAIL consortium, if available.

6.1.2.1 Safety challenges

1 Distance at diverging junctions
0 Switches might not have enough time to be moved and locked in between
consecutive trains with potential risks of train derailments.
Recommendation: apply absolute braking distance in this case.

3 https://www.lboro.ac.uk/enterprise/repoint/
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1 Communication frequency
o Risk for collisions when braking information is not broadcasted timely.
Recommendation: select a communication technology that ensures sufficiently
frequent information exchange.
1 Platooning trains with different characteristics
o Inthe case that trains have different braking characteristics, the following train
might overshoot its MA.
Recommendation: exchange information about breaking capabilities and adjust
braking rates accordingly.

6.1.2.2 Technological challenges

1 Communication architecture
0 A V2V communication layer which complements RBC to train communication for
communication position, speed, acceleration reliably at high frequency needs to
be deployed.
I Interface with TMS and IXL
o The main challenge is to understand whether trains can still be controlled by
central TMS or individually. Interlocking areas controlled by on-board system
using train to IXL interface thinkable, could improve safety at level crossings (e.g.,
when train detection is removed with moving block).
1 ATO Interface
0 Generally, a problem that already exists. Requires VCTS-specific functions for
keeping relative distance and considering individual braking performance.

6.1.2.3 Infrastructure and operational challenges

91 Platform length for platoons
o0 Longer platforms might be required to allow platoons of multiple trains to stop at
the same track. Segregation of a platform might be required to avoid confusion
when trains of a platoon have different destinations.
9 Train planning rules
0 The running time of a train in a platoon depends on the characteristics of the
platoon (thus, the other trains).
1 Engineering and operational rules

o AOn the flyd coupling/decoupling would allo
suitable for market segments where the distance to stations/junctions is
sufficiently high.

0 Switches might not have enough time to be safely moved and locked at diverging
junctions, thus absolute braking distance should be imposed at the switch to
tolerate switch failures.

o0 Cooperative management of railway traffic is required.

o0 Protocols for traffic management and train-to-trackside communication might be
modified.
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The challenges identified by MOVINGRAIL are very much in line with the ones identified within
X2Rail-3 WP7, this is further discussed in Section 6.6.2.

The results for the cost effectiveness analysis of MR D4.2, summarized in the next section, are
based on preliminary operational procedures of VCTS that define characteristics like planned
service headway, train composition, the crew required, etc. for each market segment. Only the
results are summarized in the following, details on the operational procedures including detailed
explanations how they were defined by surveying experts with the aim of introducing VCTS in an
economically attractive way can be found in MR D4.1, Section 5.

6.2 Cost Effectiveness

MOVINGRAIL D 4 . Qost-Effectiveness Analysis for Virtual Couplingopresents an analysis of cost
effectiveness of Moving Blocks, and VCTS in comparison to Moving Blocks. Quantitative criteria
(infrastructure capacity, costs, system stability, travel demand, and energy consumption) are
evaluated using analytical and simulative modelling. Qualitative criteria (safety, public acceptance,
and regulatory approval) are evaluated by surveying selected experts. The results for the different
criteria are summarized below. Finally, a multi-criteria analysis (MCA) is performed that assigns a
score to the different signalling alternatives and market segments (see summary in Section 6.2.7).

6.2.1 Infrastructure Capacity

A capacity index is defined specifically for the MCA of MR D4.2. A minimum train headway for
each signalling alternative is calculated and normalised with respect to the baseline (ETCS L2 for
high-speed, 3-Aspect for the other market segments), it is then averaged across several different
manoeuvres (see details in Section 5.1.1. of MR D4.2). The lower the minimum train headway,
the higher the capacity index gets, representing a capacity increase. For a given combination of
signalling system and market segment, minimum train headways are computed based on the
compression method and an extension of it is applied to Moving Block and Virtual Coupling. The
main parameters are shown in Figure 6-2, the results in Figure 6-3.

High speed | Main line Regional Urban Freight
Switching time [s] 9 8 7 5 7
Safety margin for VC [m] 200 120 100 80 100
Max. speed [km/h] 300 160 120 80 100
Turnout speed [km/h] 130 80 60 80 60
Turnout length [m] 140 76 63 76 63
Block length baseline [m] 1500 1000 700 400 1000
Dwell time [s] 240 60 60 30 120
Gradient 0 0 0 0 0

Figure 6-2 Parameter values used to compute minimum train headways for the market segments, from

MOVINGRAIL D4.2, p.37
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Capacity index per market segment
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Figure 6-3 Capacity Indexof ET CS L e Mawihg B®cksd (MB) and VCTS (VC) per market segment as
reported by MOVINGRAIL D4.2, p.41 (analytical results).

The results show that Moving Blocks (MB) and VCTS (VC) provide capacity improvements in
every market segment. Furthermore, VCTS provides capacity improvements over Moving Blocks.

It is stated that #Asignificant clingpeae ETICS Legehd ns ar
under the condition that cooperative train control algorithms can efficiently coordinate the
composition/ decomposition of virtually coupl ed

development, so the simulation results reported here can be further improved by considering more
advanced al gorit MRB4.2jpn51)t he future. o (

6.2.2 Total Costs

Total Costs
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Figure 6-4 Total cost of introducing ETCS L3 and VCTS reported by D4.2 of MOVINGRAIL
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X2Rail-3

Total costs are reported in terms of capital expenditure (CAPEX) and operational expenditure
(OPEX). The total results are shown in Figure 6-4 and Figure 6-5. The results for each market
segment are calculated based on case studies that are defined in D4.1 of MOVINGRAIL. Further
details can be found in Section 5.1.2 of MR D4.2. Note that the assumption that ETCS L3 is the
base for VCTS results in the costs of introducing VCTS being higher than ECTS L3 in every case.

More details on how the CAPEX and OPEX values are obtained for each market segment and

signalling alternative are presented in the following two sections.

Market Segment Total CAPEX Total OPEX Total Costs
High-Speed €369,232,000 €44,227,260 €413,459,260
Main line €579,608,000 €43,635,784 €623,243,784
ETCS L3 | Regional €481,827,000 €21,474,732 €503,301,732
§ Urban €388,820,000 €3,172,601 €391,992,601
= Freight €1,182,190,000 €46,313,378 €1,228,503,378
5 High-Speed €411,712,000 €44,212,040 €455,924,040
ﬁ Main line €641,528,000 €43,630,503 €685,158,503
VC Regional €515,307,000 €21,471,293 €536,778,293
Urban €417,620,000 €3,172,215 €420,792,215
Freight €1,275,670,000 €46,290,368 €1,321,960,368

Figure 6-5 Total cost, total CAPEX and total OPEX of introducing ETCS L3 and VCTS reported by D4.2 of
MOVINGRAIL

6.2.2.1 Capital Expenditure (CAPEX)

Capital expenditure, i.e., the investment costs for the migration from baseline signalling to ECTS
Level 3 Moving Block, for the migration from ECTS Level 3 to VCTS and from baseline to VCTS
(as the sum of the two previous results) are reported for each market segment. For high-speed
railways the baseline is ETCS L2, the results are shown in Figure 6-7. For all other market
segments the baseline is conventional fixed-block three-aspect or ETCS Level 2, these results
are shown in Figure 6-6. The costs are estimated based on field knowledge and literature research.
CAPEX results are also reported for the case studies defined in MR D4.1 for each of the market
segments in the total costs shown in Figure 6-5. It can be noted that the CAPEX for the different
use cases is dominated by the railway authority deployment costs.
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Signalling System

CAPEX

3-Aspect to L3 L3 to VC 3-Aspect to VC
Tracksid_e (scheme design, equipment, €1,100,000/km i €1,100,000/km
installation and test)
Train equipment €425,000/MU g €425,000/MU
Train equipment engineering First in class | €150,000/MU - €150,000/MU
Train equipment installation €40,000/MU - €40,000/MU
TIM equipment €24,000/MU - €24,000/MU
EVC software upgrade - €50,000/MU €50,000/MU
ATO equipment - €100,000/MU €100,000/MU
ATO engineering First in class - €150,000/MU €150,000/MU
ATO installation - €40,000/MU €40,000/MU
V2V communication equipment - €20,000/MU €20,000/MU
Railway Authority deployment costs €330,000,000 €330,000,000 €330,000,000

Figure 6-6 CAPEX per signalling system transition with baseline three-aspect signalling reported by
MOVINGRAIL D4.2 (MU 7 Multiple Unit)

Signalling System
CAPEX
L2to L3 L3 to VC L2 to VC

TIM equipment €24,000/MU - €24,000/MU
Recovery of unwanted train detection and signage | €100,000/km - £100,000/km
EVC software upgrade €50,000/MU | €50,000/MU | €100,000/MU
ATO equipment - €100,000/MU | €100,000/MU
ATO engineering First in class - €150,000/MU | €150,000/MU
ATQO installation - €40,000/MU | €40,000/MU
V2V communication equipment - €20,000/MU | €20,000/MU
Railway Authority deployment costs €330,000,000 | €330,000,000 | €330,000,000

Figure 6-7 CAPEX per signalling system transition with baseline ETCS L2 reported by MOVINGRAIL D4.2
(MU T Multiple Unit)

6.2.2.2 Operational Expenditure (OPEX)

The operational expenditures (OPEX) presented by MOVINGRAIL are computed based on four
components: average infrastructure maintenance, average rolling stock maintenance, energy
provision and personnel wages. The results are shown in Figure 6-8 and reported for an estimated
lifetime of the signalling system of 30 years, discounting the operational costs with a rate of 5%
each year. It can be noted that the OPEX is estimated lower for VCTS because of smaller crew
sized due to Automatic Train Operation (ATO). It is reported that ATO on top of Moving Block
would have similar OPEX. Details on the underlying parameters used for the estimates can be
found in Section 5.1.2 of MR D4.2.
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OPEX item Market Signalling System
Segment 3-Aspect ETCS L2 ETCS L3 VvC
High-speed - €8,988,476 £8,489,116 £8,489,116
Average Main line €4,158,603 - £3,534,812 €3,534,812
infrastructure | Regional €2,750,572 - €2,337,986 €2,337,986
maintenance | ;... €229,214 - €194,832 €194,832
Freight €16,470,686 - €14,000,083 €14,000,083
High-speed - €21,864,785.72 | €33,174,157.65 €33,174,157.65
Average Main line €29,534,728.08 - €39,379,637.43 €39,379,637.43
rolling stock Regional €12,050,517.89 - €17,947,579.84 €17,947,579.84
maintenance | ;... €2,930,217.12 - €2,930,217.12 €2,930,217.12
Freight €22,034,565.73 - €26,441,478.87 €26,441,478.87
High-speed - €1,767,089.36 €2,524,413.38 €2,524,413.38
Main line €530,702.15 - €707,602.86 €707,602.86
Energy -
provision Regional £€786,817.56 €1,180,226.34 €1,180,226.34
Urban €46,547.72 - €46,547.72 €46,547.72
Freight €4,874,005.32 - €5,848,806.39 €5,848,806.39
High-speed - €39,573.26 €39,573.26 €24,352.78
Main line €13,731.71 - £€13,731.71 €8,450.28
Personnel Regional €8,939.36 - €8,939.36 €5,501.14
Urban €1,004.19 - €1,004.19 £€617.96
Freight €23,009.55 - €23,009.55 €0.00

Figure 6-8 Summary of OPEX results for the different case studies defined in D4.1 of MOVINGRAIL, table
from D4.2 of MOVINGRAIL

6.2.3 System Stability

As stated in D4.2, p. 60 of MOVINGRAIL,iSy st em stability is defi
system to mitigate delay propagation across the network. Stability depends on the timetable
structure (train frequency and traffic heterogeneity), as well as the infrastructure layout and
signalling system. It can be measured in terms of the total buffer time available per time unit and
is thus related to infrastructure occupation.0 However, a more general stability index is defined
that is based on an average minimum headway over various operational scenarios and a given
typical train frequency per hour. Thus, this index is independent of specific infrastructure layouts
or timetable structures and allows comparison across the different markets segment using an
abstract railway system model that is parameterized for each market segment and different
manoeuvres to calculate the index for each market segment and signalling system alternative.
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The final stability index results are shown in Figure 6-9. The more detailed results of MR D4.2
Section 5.1.3 show that system stability gains for VCTS over Moving Blocks are much higher when
considering only following movements in a platoon of virtually coupled trains, where the
corresponding headway is given by the manoeuvre of non-stopping trains following on a plain line
without junctions. Generally, the results are affected by the assumption that absolute braking
distance is required at junctions, because current switch technology is too slow.

Stability index per market segment

90

] i ] ]
80 Baseline MB VC

70
6
5
4
3
1
|

High-Speed  Main-line Regional Urban Freight
Market segment

Stability index [%]
[w] o o o (=] (o]

o

Figure 6-9 Moving Block (MB) and VCTS (VC) influence on the stability Index reported by MOVINGRAIL
D4.2

6.2.4 Travel Demand

Travel demand is analysed based on survey results from MOVINGRAIL D4.1 to understand the
modal shift, i.e., the question whether travellers will prefer or reject the railway compared to other
modes of transport (e.g., car, bus) when ECTS Level 3 or VCTS are introduced. It is assumed that
ECTS Level 3 and VCTS will increase ticket prices by 10% and 20%, respectively, while train
service is improved by giving customers more flexibility by increased service frequency. Costs are
expected to increase due to decrease train lengths while service frequency is increased as a result
of estimated headway reductions of 50% for ETCS Level 3 and 61 to 63% for VCTS.

Results with an assumed ticket price increase are shown in Figure 6-10. In the results of Figure
6-11, no ticket price increase is assumed. It can be seen that ticket prices have a strong impact
on the perceived attractiveness of ECTS Level 3 and VCTS for travellers.

GA826141 Page29of 104



X2Rail-3 Deliverable D7.5
Business Model

90,0%
80,0%
70,0%
60,0%
50,0%
40,0%
30,0%
20,0%
10,0%

0,0%

@ Baseline

OETCSL3

mvC

Train| Bus

High Speed Main Line Regional

Figure 6-10 Impact of ETCS L3 and VCTS (VC) on modal share, with an estimated ticket price increase
(10% for ETCS L3, 20% for VCTS) as reported by MOVRINGRAIL D4.2
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Figure 6-11 Impact of ETCS L3 and VCTS (VC) on modal share, without a ticket price increase as reported
by MOVRINGRAIL D4.2

6.2.5 Energy Consumption

Energy consumption has been estimated using an energy consumption index that represents the
average energy consumption of a signalling alternative over different operational scenarios
relative to the respective baseline (3-Aspect or ECTS L2). The energy consumptions per scenario
were obtained using simulation of two trains following each other. For VCTS, no energy optimizing
control algorithms where applied, but the slave train simply follows the speed and
braking/acceleration from the master.
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The results show some energy reductions of ECTS L3 compared to the baseline (ca. 1% energy
index reduction for high-speed trains, ca. 2% for other segments) and slightly higher energy
reductions of VCTS compared to the baseline (ca. 1.5% energy index reduction for high-speed
trains, ca. 3% for other segments).

6.2.5.1 CO; Emissions

Given the modal shift in travel demand summarized in Section 6.2.4 and publicly available data
on CO; emissions for each transportation mode as a baseline, changes in CO; emissions by
introducing ECTS L3 and VCTS, respectively, were estimated as shown in Figure 6-12.

Percentage of CO, emission w.r.t. baseline

80
70

60
5
4
3
2
1
Car Bus

Motorised transport mode

W ETCS L3(MB) mVC

Plane Truck

% CO2 wrt baseline
o O O O

o

o

Figure 6-12 Estimated reduction of CO2z emissions as reported by MOVRINGRAIL D4.2

6.2.6 Qualitative Criteria

The qualitative criteria, i.e., safety, public acceptance and regulatory approval were obtained by
surveying experts and non-experts using the so-called Delphi Technique that aims to reach a
consensus between participants. Participants were asked to raise and rate potential issues as well
as steps necessary for regulatory approval.

Two rating questions were asked for the issues raised, where participants should rate the
importance (from 1 = definitely unnecessary to 5 = essential) and likelihood that a given issue or
step is solved within 5 years (1 = low, 5 = high). For each issue or step an index is computed by
dividing the score for solving it within 5 years by the priority score.

6.2.6.1 Safety

As a result of surveying, the level of safety and the perception of safety are evaluated to be the

highest level of significance and risk. The mentioned issues and their scores are shown in Figure

6-13. The authors comment (in 2020): AA notable finding from the st
for all of the safety issues, no stakeholder expe
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System Aspects for safe and reliable operations SFO':e Score
Priority | 5 years
Harmonised non-functional requirements on train integrity (safety and A 3
performance)
Trains are able to stop within their MA
MAs are exclusively issued for a given section of track for only one train 5 5
at a time
Routes are held until the train has passed 5 5
Reliability of communications system 3 5
Have a full view over the performance railway network in software and 5 5
ETCS L3 see what the safety levels are

MB Have a full view over the performance railway network in software and 4 4
see where the remaining capacity is (or where bottlenecks are)
Have a full view over the energy consumption of the railway network in 3 3
software
Central co-ordination of the switching system in software to find the
appropriate balance between capacity utilisation, safety and energy 2 2
consumption dynamically
Spacing 5 5
Capacity gain 5 3
Costs 5 3
Arithmetic Mean of assessments 4.33 3.61
Standard Deviations 0.88 1.16
Standardised communication to following vehicles 4 3
System behaviour and operations defined for degraded situations 4 3
Trains are able to stop within their MA 4 5
MAs are exclusively issued for a given section of track for only one train 4 5
at a time
Routes are held until the train has passed 4 5
Formations virtually coupled in rear will not crash into formations in front 5 1

Ve without causing any more Fatality Weighted Injuries (FWIs)
Reliability of communications system 5 2
Have a full view over the performance railways network in software and 5 5
see what the safety levels of individual convoys, consists and units are
Have a full view over the performance railways network in software and 4 4
see where the remaining capacity is (or bottlenecks are)
Spacing 5 3
Capacity 5 1
Costs 5 2
Arithmetic Mean of assessments 4.5 3.25
Standard Deviations 0.5 1.48

Figure 6-13 Scored safety issues raised during expert interviews as reported by MOVINGRAIL D4.2
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6.2.6.2 Public Acceptance

Public acceptance is seen as closely linked to safety, as perceived safety issues might influence

the publicbébs tolerance for techniirceadulfatidrug easr. e Fwn
take risks upon themselves by approving technologies that the public haveconc er ns about 6. °
risks are shown in Figure 6-14, some issues were mentioned but not scored.

Score Score

Issue s .
Priority 5 years

Culture that expects transportation delivered by organisations
(rather than personally) to be 100% safe

Safety

Safety incident causes public concern

Populist politicians oppose new technology

Interoperable solution (working cross-border and cross-supplier)
Convincing politicians that if they allow VC and a VC train crashes,
that there is not going to be a massive backlash

Reliability

Costs

Railway press analysis raises concerns

Passenger pressure groups raise concerns

Difficult explaining link MovingRail and capacity

Non realisation of capacity benefits - public apathy

Technical delays/issues raise concerns over safety

Mainstream media raising fears

Opacity

Fear of collision — passengers

People are safe

Rail is reliable

Rail is a flexible (as much as realistically possible) in the transport
/ journey chain

People feel safe (perception)

View of maturity vs road sector - expectation for similar capability
Expectation of almost guaranteed no train on train collision lost
Expectation to work unnoticed to traveller

Unwillingness to pay more

Arithmetic Mean of numerical assessments 4.1 3.0
Standard Deviation 1.01 1.12

5 1

nuinnhlhblWWWWWIW| W WININ|F

N W [ dlffWwNpAINN W AU OO (WU |WU

Figure 6-14 Scored public acceptance issues raised during expert interviews as reported by MOVINGRAIL
D4.2

6.2.6.3 Regulatory Approval

In order understand steps and risks concerning regulatory approval, stakeholders were asked to
identify the issues as well as barriers, and then the potential mitigations. The following is stated in
MR D4.2 concerning the process and discussions with stakeholders:
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AfGi ven that railways have alhadasymsthabaseaasignedanotndo | | e d
maintaining safe absolute braking distances between trains, it is non-trivial to be asking regulators

to accept that this fundamental signalling principle can be modified. However, the thinking that

has gone into the development of Virtual Coupling is recognised as an innovation that could
achieve benefits f or .Théamsultsare showa in Figured-15 andsFigures e r s 0
6-16.

In summary, it is stated that safety is a major issue for all market segments that contains risks for
public and regulatory acceptance. Therefore, early clarification of the regulatory process as well
as early involvement of regulators is seen critical in achieving a successful implementation of
VCTS.

Regulatory approval

Issue Score Score
Priority 5 years

Clear articulation of the new system 4 3
Route through the Common Safety Method 5 5
Multiple NSA's or European Agency approval 5 5
Public concerns put pressure on regulators 3 2
Technical complexity makes demonstration of safety for 5 3
Movingrail challenging
Any safety incident has potential to set back approval 5 1
Approval through ERA will make ERA careful and slow 5 3
BREXIT creates confusion over approvals for use in UK 3 5
Demonstrate at least same safety level as today 5 2
Safety must always be improved 5 2
Overcoming 2 centuries of the principle of no closer than the 5 1
absolute braking distance
Time (as the inverse of speed difference) between two 5 5
consists or units
Maximum length of a convoy 4 4
Safety 5 1
Reliability 5 3
Costs 5 3
Proper ability to evaluate risk needed
Arithmetic Mean of assessments 4.63 3.0
Standard Deviation 0.70 1.41

Figure 6-15 Scored regulatory approval issues raised during expert interviews as reported by MOVINGRAIL
D4.2
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Regulatory approval

Score Score
Steps towards regulatory approval of VC Priority 5 Years
Early engagement with Regulator/s 5 5
Decision to seek approval from EUAR (not NSA's) 5 5
Clarify with EU Commission that EUAR can approve 5 4
Creation of clear system definition and draft specifications 5 3
Set up simulation and test track for testing system 5 3
Sponsorship of specifications/standards through EU Processes 5 3
Description of operations and system 3 4
Hazard analysis 4 3
Prototype on test track 4 2
Pilot in regular operation 4 1
Talk to the regulators as soon as possible 5 5
Build evidence that VC is at least as safe as whatever it will replace 5 1
Demonstrate that the benefits of VC cannot be delivered by any other safer 5 1
means
Build a safety case based on the previous two points 5 1
Safety 5 1
Reliability 5 3
Costs 5 3
Conspicuity of a convoy (see e.g. military pelotons on the road using flags to 5
explain what the beginning and end of the peloton is)
Software centric approach including continuous integration and continuous 4
delivery
Software centric approach including non-deterministic artificial intelligence 3
(Al)
Demonstrable step change improvement in capacity
Communication of safety principles to necessary stakeholders
Demonstration of potential public acceptance
Arithmetic mean of assessments 4.6 2.82
Standard Deviation 0.66 1.42

Figure 6-16 Scored regulatory approval issues raised during expert interviews as reported by MOVINGRAIL
D4.2 (continued from Figure 6-15)
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6.2.7 Multi -Criteria Analysis

Given all the performance scores, summarized in the previous sections, a multi-criteria analysis
was performed. Figure 6-17 summarizes the scores for all market segments in a single table.
Figure 6-18 shows how each score was weighted in order to obtain the final overall score shown
in Figure 6-19. Section 5.1 of MOVINGRAIL D4.2 provides details on how the weights were

obtained in iterative survey rounds (so-called hybrid Delphi-AHP method).

Criteria
Market Infra System d?:::ild Energy Safety Public Regulatory
Segment Total costs capacity stability o consumption acceptance approval
leol | Do | o002 [ llsoed | ] [regape]
shifts]

High-Speed €413,459,260 1.230 69.19 0.378 0.992 0.834 0.732 0.648
Main line €623,243,784 1.247 63.16 0.396 0.979 0.834 0.732 0.648
EI;:S Regional €503,301,732 1.334 84.76 0.302 0.979 0.834 0.732 0.648
§ Urban €391,992,601 1.359 29.83 0.231 0.979 0.834 0.732 0.648
'ﬁ' Freight €1,228,503,378 1.178 52.64 0.300 0.979 0.834 0.732 0.648
E High-Speed €455,924,040 1.367 71.22 0.419 0.985 0.722 0.732 0.648
5 Main line €685,158,503 1.423 66.54 0.474 0.973 0.722 0.732 0.648
vC Regional €536,778,293 1.358 85.12 0.491 0.973 0.722 0.732 0.648
Urban €420,792,215 1.437 33.67 0.302 0.973 0.722 0.732 0.648
Freight €1,321,960,368 1.330 56.06 0.466 0.973 0.722 0.732 0.648

Figure 6-17 Summary of all performance scores for each market segment as presented by MOVINGRAIL

D4.2

Market Total Infra System Travel CmenaEnergy Public Regulatory

Segment costs capacity stability demand consumption Safety acceptance approval

High-Speed 0.062 0.052 0.032 0.026 0.015 0.456 0.039 0.309

Main line 0.062 0.050 0.031 0.024 0.015 0.456 0.039 0.309

ETCSL3 | Regional 0.062 0.056 0.032 0.018 0.015 0.456 0.039 0.309

2 Urban 0.062 0.054 0.029 0.022 0.015 0.456 0.039 0.309

‘% Freight 0.062 0.051 0.031 0.019 0.015 0.456 0.039 0.309

E High-Speed 0.056 0.057 0.033 0.029 0.015 0.395 0.039 0.309

< Main line 0.056 0.057 0.033 0.029 0.015 0.395 0.039 0.309

vc Regional 0.058 0.057 0.033 0.029 0.015 0.395 0.039 0.309

Urban 0.057 0.057 0.033 0.029 0.015 0.395 0.039 0.309

Freight 0.057 0.057 0.033 0.029 0.015 0.395 0.039 0.309

Figure 6-18 Summary of all weights for each performance score and market segment used to summarize
the scores into a single final score, table from MOVINGRAIL D4.2
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Weighted MCA performance score per
signalling alternative

WMETCS L3 mVC

High-Speed Main line Regional Urban Freight
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o
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Figure 6-19 Final multi-criteria analysis results presented by MOVINGRAIL D4.2

Weighted MCA performance score per
signalling alternative
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Figure 6-20 Final multi-criteria analysis results under the assumption of equal safety scores as presented
by MOVINGRAIL D4.2

The authors of MOVINGRAIL D4.2 note that a very high weight (46%) was assigned to the safety
score (see Figure 6-17). Under the assumption that both signalling alternatives have the same
safety score, VCTS gets a higher overall score than ETCS Level 3, see Figure 6-20. Generally,
note that the graphs go from 90 to 100% and 96 to 100%, respectively. The difference in overall
score lies in few percentage points in every case.
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6.3  Application Roadmap

6.3.1 SWOT Analysis

Based on surveying experts, MOVINGRAIL D4.1 presents a strengths, weaknesses, opportunities
and threats (SWOT) analysis of VCTS for each market segment. The overall results are shown in
Figure 6-21, the additional results for each market segment in Figure 6-22.

Strengths Weaknesses

* Line capacity A * Full ABD at diverging junctions
* Delay propagation « Safety risks for heterogeneous braking rates
* Latency in comm with RBC in MB N * Investments needed to install the V2V
* Service flexibility 2 * Infra upgrades to the OLS, platforms and possibly switch
* OPEX N technologies
* Potential accidents impact N * Potential ticket fees A

Opportunities Threats
¢ Railway customers A e Ticket costs A for railway customers
¢ Potential profit /1 of IMs and RUs * Possible train control complexity A with respect to MB
* Deregulation of the railway market with opening to « Costs of stakeholders A* to address safety issues due to
smaller transport operators RBD
¢ Restructuring of railway market from a competitive to * Policies, processes and engineering rules.
a more cost-effective cooperative consortium model
¢ Migration of current CCS to more future-proof and
efficient digital railway architectures
¢ Capacity 2* and maintenance costs N. by installing
advanced switch technologies.

Figure 6-21 MOVINGRAIL SWOT Analysis of Virtual Coupling to all Market Segments (Table 1 from D4.2)

Several strengths like increased line capacity, reduction of delay propagation and reduced OPEX
are identified, but also weaknesses that relate to safety and increased investment costs for
stakeholders and increased ticket fees. A more detailed analysis of the results can be found in
Section 6 of MR D4.1.
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;:I:I::It Strengths Weaknesses

* Significant headway N
High Speed | * Platooning efficiency A

* Coupling/Decoupling feasible on-the-run

 High safety risks in case of V2V signal loss
* Substantial stress of overhead catenary

* Capacity 2A*

* High complexity and uncertainty in managing

Main Line « Potential amount of level crossing closures N heterogeneous rolling stock in one convoy

 Coupling/Decoupling feasible on-the-run

. . .  Potential longer closure of level crossing to road users
Regional * Potential amount of level crossing closures N . . .
* Coupling/Decoupling only allowed at standstill

Urban * Platooning efficiency A * Only marginal capacity improvements

* Flexibility A* and capacity 2* of freight * Complexity in platoon sequencing due to different
Freight delivery rolling stock characteristics

* Handling operations at marshalling yards N

* Coupling/Decoupling feasible on-the-run
::::::.t Opportunities Threats

High Speed | * None additional to Tahle 1

* None additional to Table 1

Main Line e Migration to advanced systems for ATC ¢ None additional to Table 1
Regional e Customers A* ¢ None additional to Table 1
. I tments for VC depl t might not b
Urban * None additional to Table 1 * investments for SPIOYMEnt NN not ae
compensated by a sufficient customer increase
* Attracting relevant market share from other * Legislative rules in terms of weight and length
modes platooning.
* Shorter trains with fixed composition
Freight overcome limitations of TIM while reducing

brake build-up times
e Collection and distribution of goods over the
last mile can be optimized and automated.

Figure 6-22 MOVINGRAIL Additional Strengths, Weaknesses, Opportunities and Threats of Virtual
Coupling to each Market Segment (from D4.2)

6.3.2 Roadmap

In D4.3 of MOVINGRAIL, roadmaps for the migration to VCTS are developed based on MR D4.1,
MR D4.2 and additional surveys. Optimistic and pessimistic scenarios are presented for each
market segment based on the SWOT analysis of D4.1 (see previous section), highlighting strength
and opportunities in the optimistic case as well as threats and weaknesses in the pessimistic case.

The aim of the roadmaps is to implement fthe EU vision of having VC deployed by year 2050, and
thus reducing CO; emissions by 60% and increasing railway demand by 30% for passengers and

50% for

frei gtMR DB.2, p. . 3he azhors fOrther sta t e

t hat the Ati me

of all step changes must be viewed as rough expert opinions based on experience with past

technol ogy

wher eas

government al

policWMRD¥Byp.change

56). Some technologies that are required for the introduction for the introduction of VCTS are not
considered, because they are targeted by other projects of Shift2Rail. This includes train integrity
and train positioning.
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The individual steps identified are shown in Figure 6-23 with their respective priority and time order.
These are mapped to optimistic and pessimistic scenarios per market segment as shown in Figure
6-24, where the optimistic scenario assumes a decrease in CO emissions by 60% and CAPEX
as well as OPEX by 40% compared to the baseline presented in MOVINGRAIL D4.2 (see Section
6.2.2). The pessimistic case assumes a decrease in CO; emissions by 50% and CAPEX as well
as OPEX by 20%. Details per market segment can be found in MOVINGRAIL D4.2 Section 5.3.
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Business Model
Steps Category Priority Time order
R&I
Research on longitudinal motion control systems within train convoys, including . .
convoy stability and relations to ATO Operation Very High 10
Research.on oper?tlonal proce(‘:lures (con‘voy formation on-the-run, platooning, Operation Very High 11
cooperative merging, cooperative departing)
Research on integrated traffic management and train control for train convoy Operation Very High 20
management
Innovation in high-precision train positioning (if assumed critical for VC) Technology Medium 3.0
L . | ine th | ) . .

Innovation |.n swm_:h techn.o ogy (remo»flrjgt e need for absolute braking distance in Technology Medium 31
rear of moving switches) (if assumed critical for VC)
Concept of Operations Operation High 3.2
Requirements
System Requirements Specification of Virtual Coupling Technology High 4.0
Initial RAMS analysis of Virtual Coupling Technology High 4.1
Initial Risk Assessment of Virtual Coupling according to Common Safety Method Technology High 4.2
Operational and.Englneerlng rules for Virtual Coupling (operational configurations Operation Medium 3.0
and scheme design)
Specifications
Specifications of operational procedures in interlocking areas Operation Medium 5.0
Specmca'mons of operational procedures for coupling, coupled running and Operation Medium 51
decoupling
SpeC|f|caF|on.s of systems archlteFtures fo'r Vlrtua.l Coupling (integrated Technology High 6.0
communication and control architecture intra & inter convoys)
Specifications of communication protocols including safety and security aspects Technology Medium 7.0
Specifications of communication models for VC: train-to-train and RBC-train Technology Medium 7.1
Standardization (e.g. within ERTMS) Technology Medium 9.0
Design, Develop and Build
Develop communications system for VC Technology Medium 10.0
Upgrade RBC and EVC software for VC Technology Medium 10.1
Develop ATO for VC Technology Medium 10.2
Development of testing methods for VC Technology Medium 10.3
Early deployment and trial of VC Technology Medium 11.0
Final Risk Assessment of Virtual Coupling according to Common Safety Method Technology Low 12.0
Final RAMS analysis of Virtual Coupling Technology Low 12.1
Safety case Technology Medium 12.2
Deploy
Safety approval Technology Medium 13.0
Regulatory approval process (inclusion in TSI) Technology Low 13.1
Depl f ETCS Level 3 Moving Block f | h

ep a?yment of ETCS Level 3 Moving Block (assumed ready for deployment when Technology Very Low 14.0
required for VC)
Deployment of Virtual Coupling in the real-world Technology Very Low 15.0

Figure 6-23 Steps, priority, and time order for the introduction of VCTS as presented by MOVINGRAIL

D4.3
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X2Rail-3 Deliverable D7.5
Business Model

] Optimistic Scenario (months) Pessimistic Scenario (months)
Short title of step Step No.
HS ML Rgn Urb Frt HS ML Rgn Urb Frt
\V/C, scope and boundaries 1.1 2 5
> | Operational scenarios 1.2 2 5
s Market analysis & use cases 1.3 2 6
:; CEA incl. capacity analysis 1.4 5 8
‘5 | Technology roadmap 1.5 2 4
.g Business risk analysis 1.6 2 4
* | COM solutions 1.7 5 8
VC COM structures 1.8 4 8
Long. motion control systems in convoys 24 - 30 24 18 24 36 40 36 30 36
Operational procedures 6 12 6 6 6 12 - 18 = 12 12 12
; Integrated traffic mngmt & train operation 24 30 24 18 24 36 40 36 30 36
e | Train positioning 2.4 24 24 12 12 12 36 0 36 24 24 24
Switch technology 2.5 24 - 24 12 12 12 36 36 24 - 24 24
Concept of Operations 2.6 6 12 6 6 6 18 : 24 18 18 18
$ | System Requirements Specs 3.1 12 ¢ 18 12 12 12 18 : 24 18 18 18
g Initial RAMS analysis 3.2 3 6 3 3 3 6 10 6 6 6
'g_ 1 Initial CSM-RA 3.3 3 6 3 3 3 6 10 6 6 6
& | Operational & Engineering rules 3.4 10 . 12 10 10 10 20 - 24 - 20 20 20
Operational procedures in IXL 4.1 6 10 6 6 6 12 - 20 12 12 12
E Operational procedures for cplg, cpled & decplg 4.2 8 10 8 8 8 18 : 24 = 18 18 18
E Systems architectures 4.3 8 12 8 8 8 18 @ 24 18 18 18
% COM protocols incl. safety and security 4.4 12 . 18 12 12 12 18 - 24 18 18 18
;,l,. COM models: V2V & V2I 8 12 8 8 8 18 24 18 18 18
Standardization (e.g. ERTMS) 12 18 @ 12 12 12 24 1 30 24 @ 24 24
© | Develop COM system 8 12 8 8 8 12 18 12 12 12
E Upgrade RBC & EVC software 6 10 6 6 6 18 | 24 18 18 18
‘2_ Develop ATO 12 18 6 3 6 24 30 12 6 12
% Develop testing methods 12 12 12 12 12 20 20 : 20 20 20
é Early deployment & trial 6 10 6 4 6 12 18 12 10 12
< | Final CSM-RA 6 8 6 4 6 12 18 12 10 12
2 | Final RAMS analysis 6 8 6 4 6 12 18 : 12 10 12
a Safety case 4 6 4 4 4 8 10 8 8 8
Safety approval 6 18
TE Regulatory approval process (inclusion in TSI) 18 30
2 | Deployment of ETCS Level 3 MB 18 | 24 18 12 18 24 30 @ 24 24 24
Deployment of VC in the real-world 12 18 @ 12 8 12 18 24 - 18 16 18
Priority scale Legend
Very high HS High-Speed
High ML  Mainline
Medium Rgn  Regional
Low Urb  Urban
_ Very low Frt  Freight

Figure 6-24 Roadmaps with optimistic and pessimistic scenarios for each market segment from
MOVINGRAIL D4.3

Finally, the times until deployment of VCTS are shown in Figure 6-25. It can be seen that,
according to MOVINGRAIL, the EU goal of introducing VCTS by 2050 can be reached in all market
segments and scenarios but for the pessimistic scenario for mainline.
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Time until deployment of Virtual Coupling
2060
2055
2050

2045
2040
2035
2030
2025
2020

High speed Mainline Regional Urban Freight

B Optimistic M Pessimistic
Figure 6-25 Estimated times until deployment starting December 2019 reported by MOVINGRAIL D4.3

6.4 Business Risks

D4.4 of MOVINGRAIL reports on business risks associated with the potential introduction of VCTS.

With input from stakeholders, industry, academia and regulators, an online survey was designed

and applied for identifying and ranking business risks. Results were validated and extended in a

workshop with stakeholders. VCTS is, as in the other deliverables of MOVINGRAIL, understood

as a technological extension of ETCS Level 3. This is reflected in the list of risks identified, the

main risks are shown in Figure 6-26. The authorscomment: il t was al so observed
risks cannot be entirely decoupled from technical risks, as the uptake of Virtual Coupling depends

on the confidence in the technology itself. Most of the risks that were emphasised by participants

relate to the technical hurdles being overcome so that the benefits would demonstrably exceed

t he ¢ MRD4&4, 034).

An example is given by the risk for a rear end collision of high-speed trains in the event of the
leading train rapidly decelerating at an immovable object (e.g., embankment slip). Three ways of
overcoming this risk are suggested:

1 Configuring dedicated infrastructure that ensures virtually no possibility of the risk arising

1 Technical specification of VCTS where the distance between trains in a platoon is always
greater than the emergency safety distance plus safety margin

1 Regulators and Governments accepting and legislating to operate VCTS with a certain
risk

While this is not a business risk itself, it highlights the risks that investors have to face.
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Business Model

Figure 6-26 Top overall business risk scores and impact scores (out of 55 business risks identified) as
reported by MOVINGRAIL D4.4

6.5 Conclusions of MOVINGRAIL

MOVINGRAIL performed extensive surveying of experts with detailed analyses of the results.
Modelling as well as simulation were performed and provided quantitative results for the market
segment-specific use cases.

In general, VCTS was determined to make railway transport more attractive to customers due to
the increase flexibility by higher service frequencies when ticket cost increases are limited. This
could especially be seen in mainline, regional and freight market segments. The freight market
can benefit from a completely new operational setup that allows shorter trains, higher frequency
and thus increased flexibility. For market segments where customers are already satisfied, e.qg.,
urban/suburban lines, increase in attractiveness was seen negligible. However, VCTS can still be
interesting in this case for railway managers and operators because it helps to reduce traffic
instability and delay propagation. Furthermore, a deregulation of the railway market is expected
that allows new business opportunities for smaller transport operators and railway owners.

The multi-criteria analysis of single quantitative criteria like capacity, system stability and energy
consumption, showed that VCTS outperforms ETCS Level 3 in all market segments. VCTS scored
lower, however, in the qualitative criteria safety, where stakeholders expressed concern for the
maturity of technologies required for VCTS that can be reached within five years. As safety was
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