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System analysis of an intermodal terminal
for a high-speed freight train*

M. Ehret, M. Boehm, G. Malzacher and A. Popa

Abstract— To achieve the climate protection targets despite
the increasing transport demand, the shift from carbon-
intensive to more environmentally friendly modes, such as rail,
is indispensable in the field of freight transport. The Next
Generation Train CARGO concept is intended to improve the
competitiveness of rail freight, especially for low-density high
value goods. However, the corresponding transshipment
infrastructure has not yet been analyzed in detail. In this work,
we introduce a Model-Based Systems Engineering approach for
the closer analysis and specification of an intermodal freight
terminal for this high-speed freight train concept. This includes
the elaboration of the system idea and context, the most
important stakeholders and their requirements as well as the
identification of the essential system functions. The systematic
approach reveals a broad diversity of stakeholders and points
out the complexity of the procedures taking place at an
intermodal terminal. The chosen approach applied in this work
has proven to be promising for the holistic system analysis of an
intermodal transport node.

I. INTRODUCTION

The global demand for mobility, both of goods and
persons, is expected to rise significantly until 2050 [1].
Regarding the European Union (EU), projections show that a
business-as-usual scenario would lead to COz-emissions
approximately one third higher than 1990 levels by 2050,
instead of meeting the EU’s internal goals [2] or its
commitments under the Paris Agreement [3]. In order to meet
these commitments and effectively decarbonize the
transportation sector, the FEuropean Commission has
determined that at least 30% of the total road freight volume
should be diverted onto other more energy efficient modes,
primarily rail, by 2030 [4]. The rail freight modal share for
international traffic inside the EU is steady at around 11% of
current tonne-km [5].

Regarding the overall freight market it is expected that the
future growth in Europe is going to be driven by the shipment
of Low Density High Value (LDHYV) goods [6]. They include
semi-finished and finished products, which require flexible
and reliable shipment [7]. In general, the transportation of
these goods on rail is conducted via Single Wagonload
freight (SWL) in the past. In detail, single wagons from
different origins are arranged to whole trains for the main run
and are separated again into single wagons or wagon groups
for the final delivery [8]. However, in the EU LDHV goods
are currently being transported by road, as road transportation
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generally offers shorter transit and lead times, greater
flexibility and often lower costs [9]. To increase the share of
freight transport on rail the competitiveness of the SWL
needs to be improved [10]. This requires new concepts that
enable competitive shipment of LDHV goods for rail freight
transport [11].

For this reason, the German Aerospace Center (DLR) is
developing a highly automated very high-speed train concept
called Next Generation Train CARGO (NGT CARGO) [12].
This concept represents a holistic approach for a multiple unit
freight train with distributed power, incorporating new
technologies allowing a high level of automation for loading,
shunting, driving and transshipping of the following potential
LDHYV goods:

e agricultural products, food and beverage

textiles, paper and printings
e pharmaceuticals, machinery and equipment
e groupage freight, post and parcels

Besides the identification of potential types of goods, load
units and operational scenarios are investigated [13]. NGT
CARGO is designed as a double deck high-speed freight
train, which consists of self-propelled, autonomous cars
which serve the fine distribution to rail sidings and high-
powered automated locomotives for high-speed operation of
complete train consists serving long distances. In the standard
configuration for its maximum operating speed of up to
400 km/h, the concept consists of 2 aerodynamically
designed locomotives and 10 cars for the transportation of
euro pallets and small containers.

Since most of the intended consignors and consignees do
not have their own railway siding, one key element of the
concept is the availability of intermodal operations to cover
the first and/or last mile of the shipment on roads [14]. This
requires facilities, such as terminals, enabling the
transshipment of the goods between rail and other transport
modes [15]. In fact, there are a few other concepts and ideas
that deal with high-speed rail freight transport, e.g. [16], [17],
but there are yet no concrete approaches dealing with
intermodal handling systems of smaller transport containers
for high-speed rail freight. As discussed in [18] the design of
intermodal terminals requires a thorough analysis of the
operational context and the derivation of requirements. It is
therefore proposed to apply methods of system analysis in
order to specify the desired terminal and to derive the design
based on the results.

The goal of this work is to analyze and derive the
requirements and system functions of an intermodal freight
terminal for the NGT high-speed freight train concept.
Therefore, the methodology of Model-Based Systems
Engineering is used to specify the system. Besides a
structured procedure for the analysis, this method uses
formalized models allowing for the implementation and



visualization of complex system interrelationships.
Furthermore, these models support the subsequent design
process as well as the derivation of simulation models used
for the evaluation of performance criteria. Initially, the
chosen method is presented. Subsequently, the method is
applied for the system analysis of the intermodal terminal.
Finally, the results are discussed, summarized and an outlook
is given.

II. MODEL-BASED SYSTEMS ENGINEERING

Systems Engineering (SE) is an interdisciplinary and
holistic approach that aims to manage the increasing
complexity of technical systems within the framework of
their design [19]. One of the basic ideas is to emphasize the
derivation and specification of requirements based on
business analysis and stakeholder needs in order to detect
errors in early development phases. By synchronizing and
mediating between the different disciplines involved in
design, implementation and verification processes, SE aims
to keep the entire development in line with the requirements,
including costs and schedules. This demands a clear,
consistent and transparent documentation of the system
specification during the entire life cycle. The methodology of
Model-Based System Engineering (MBSE) proposes the
application of formalized system models for this task instead
of distributing the information in different types of
documents and artifacts, such as reports, description
documents, lists or verification plans. The main goals of this
approach according to [19] are

e improve communication

e increase ability to manage system complexity
e improve quality and knowledge capture

e enhance understanding of SE

The System Modelling Language SysML is a
standardized object-oriented language to describe systems
specifications in scope of MBSE. It enables the description of
system structures, their behavior as well as requirements and
to link these specifications consistently to each other [20]. By
the use of diverse diagram types, different views of the
system can be visualized. Various tools support the use of
SysML which are often linked to a specific MBSE
methodology, as described in [21]. In this work the Cameo
Systems Modeler of MagicDraw and a methodology based
on the SYSMOD modelling process described in [20] is
applied. The basic steps of the procedure are system analysis
and system design. The analysis includes the following sub-
steps:

e Specify system idea and system context
e Stakeholder and requirements analysis
e Use-Case Analysis

During the design process, the system structure and its
subsystems are specified by applying a top-down approach
based on the analysis results. This includes the verification of
each system level regarding the specified requirements.

III. SYSTEM ANALYSIS

A. System idea and system context

The deduction of the system idea is the entry point of the
system analysis. In this step, the top-level goals of the system
are defined and the context of the system is analyzed. The
central demand of the NGT CARGO high-speed concept is to
transport LDHV goods on rail by using existing railway
infrastructure including tracks for high-speed and mixed
traffic for both passenger- and freight trains. Consequently,
the primary task of the terminal is to integrate the NGT
CARGO vehicles into existing and future logistics chains for
these kinds of shipments. Due to the high requirements
regarding transport times, reliability and costs, an effective
transshipment between the NGT CARGO vehicles and other
modes of transport is vital. In the transport chain therefore,
the terminal is the bottleneck which must be addressed so that
the speed advantage on the main line is not lost.

By analyzing the system context, persons, institutions or
externals systems are detected which interact actively or
passively with the terminal. The context in which the
terminal operates is shown in the diagram in Figure 1. The
essential outcome is that the terminal is the interface of three
different categories of external systems. These include
logistics management systems, railway operation systems and
other modes of transport, such as trucks and vans, or
prospective transport systems, e.g. ropeways or drones. In
order to guarantee a smooth and reliable transshipment, the
terminal needs to synchronize the internal processes
according to the incoming and outgoing flow of vehicles and
freight. This emphasizes the need for an internal management
system that plans the required workflows and communicates
with external systems.

B. Stakeholder analysis

The context analysis is the basis for the identification of
stakeholders. These are persons or institutions which are
affected by the terminal. The identified stakeholder
categories are:

e  Users and Operators:

Shippers of potential goods

Logistics service provider

Forwarder and carrier (road, rail, other)
Terminal operator

O O O O O

Infrastructure operator
(road, rail, energy, communication)
e Public:

o Public authorities
(e.g. customs or railway authorities)

o Communities and associations
e Developer:

o Research and concept design
o Construction and Developer of Subsystems
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Figure 1. System

Each category is decomposed into further subcategories.
For presentation purposes only the highest levels are shown
in the list. During the development process further
stakeholders or actors might be identified, which should be
added to the system model.

C. Requirements analysis

The identification of requirements starts with the
detection of the needs and pain points of the involved
stakeholders. Here, we conducted literature research and
interviews with representatives of the different categories,
focusing on users and operators who primarily determine the
concept of the terminal. Subsequently, the needs are
translated into stakeholder requirements. These are mapped
onto the system requirements for the terminal by assigning
them to the categories: functional, usability, reliability,
performance, physical and business requirements.

Regarding the transport of potential goods which are
intended to be transported by NGT CARGO we found that
the basic needs of shippers coincide (namely: reliability,
flexibility, predictability, short transportation times, costs and
careful handling). However, a closer look yields a broad
spectrum of good-specific requirements defining their
handling, treatment and logistical processes. In contrast to the
other identified potential goods, agricultural products, foods,
beverages and pharmaceuticals are subject to strict
requirements regarding the compliance of the cold chain. The
requirements are in turn dependent on the type of item, e.g.
for fruits and vegetables a transport temperature of 3°C-12°C
is demanded according to [22]. This requires different
temperature-controlled storage and transshipment areas in the
terminal. To prevent theft and imitations, the storages and
transshipment areas of pharmaceuticals additionally need to
be equipped with access control and alarm systems [23].
Furthermore, it is found that load units of the potential goods
are significantly different in dimensions and weight, in
particular for groupage freight and machinery. This leads to

Context of the Terminal

varying functional and usability requirements concerning the
handling and storing of freight and therefore the degree of
automation in the terminal. Except for freight which is
transported in fixed load units, such as parcels or beverages
on pallets, it is found that the processes taking place at
current logistics terminals are mostly performed manually
and only supported by semi-automatic loading technology
and tracking systems. The findings suggest either reducing
the list of potential goods that are handled in the terminal or
separating the terminal to certain areas in which similar
freight is handled with the same technology and degree of
automation.

Since logistic service providers focus on certain types of
freight various logistics networks currently exist which
already transport the potential goods, e.g. KEP for courier
and express freight. Due to the lack of competitive offers by
freight rail undertakings, road vehicles (lorries and vans) are
almost exclusively the chosen mode of transport. The
location of the terminals in the networks is therefore
customized to the road infrastructure and the terminals are
designed for loading and unloading of road vehicles. If high-
speed rail freight is supposed to be a part of the logistics
chain in these networks, e.g. the main run, the accessibility of
the intermodal terminals for potential haulers is an important
criterion. Furthermore, the requirements regarding the
transshipment times of the potential goods are extremely
short compared to current cargo trains and highly dependent
on the logistics network as well as the location of the
terminals. Based on interviews with logistic experts, it is
assumed that overnight delivery in Germany requires less
than one hour of handling at the terminal. In connection with
the tight schedules existing for rail infrastructure for mixed
traffic and high-speed [24], it becomes clear that the
processes taking place at the terminal need to be highly
structured and efficient. This requires the planning of
incoming and outgoing of vehicles, the allocation and
reservation of transshipment areas for all vehicles, the
appropriate estimation of transshipment times and storage



areas as well as reliable tracking and sorting processes.
Additionally, it is suggested to refine the operational scenario
of the NGT CARGO concept. The results of the requirements
analysis reveal to design potential logistic chains based on
current transport networks for these types of goods. This
includes immerse investigations regarding the optimization of
locations for the intermodal terminals.

Overall 50 top-level requirements are identified and
documented in the developed system model. However, the
list does not claim to be complete. In particular, the
identification of performance requirements defining
transshipment and storage times and volumes cannot be
specified in general, since they strongly depend on the
transport relations in question. A possible solution to
overcome this problem is a modular composition of the
terminal which is scalable to the required performance.

D. Use-Case analysis

The functional requirements are refined in the scope of
the Use-Case analysis in order to specify the essential
functions of the terminal. A Use-Case (UC) describes a
specific service provided by a system and is related to one or
more actors [20]. We have identified 23 essential UCs, which
include tasks dealing with loading and unloading of road and
rail vehicles, the management of freight flows and
information as well as the shunting of railway vehicles in the
terminal system. Some of the UCs linked to the terminal
operator are shown in Figure 2. As one can see, UCs may
also be linked to external systems, such as the logistics
management in case of “Supply Tracking Information”.
Furthermore, some UCs might contain the same task, e.g.
“Monitor freight Condition” in case of “Store Freight” and
“Receive Freight”. The systematic identification process
yields a structured overview of the single tasks that need to
be performed by the terminal and identifies redundant
functions. In particular, this analysis sharpens the common
understanding of the terminal by visualizing and arranging
the main functions in the diagram. In doing so,
misunderstandings and uncertainties of requirements are
detected.

uc [Pakef] Use Cases[ Operator |

wblocky
External Logistics management systems

sincludes  ~ Monitor freight ™,
{ condition 3

o - 8/

7" Receive Freight \"‘

,”' Plan incoming ™ \\
( freight flow
\

Hauler !

/

/
wincludes

" Provide Freight ™
" Supply Tracking ™, from Swragy /
( Information \ ’
‘\\ th L
Ve ~ Store Freight ™
%F‘_r—f—k_* y

P R Termin;I—Oparalor —
e R \ — -
/ Re;harga Energy T \7 - ~~ Manage internal ™,
( torage Train — . ( freight flow 3\
N e ™
Ny th /" Manage incoming \\ \\\_J

e | transport vehlc\ejh

\

.
\"‘ﬁ___

Figure 2. UC-Diagram for the Terminal-Operator

Subsequently, the single steps taking place in each UC are
specified by implementing corresponding activities in the
system model. These activities describe defined sequences
and can contain objects which are generated, passed on or

enter and/or leave the procedures. These may be physical
items, such as load units or vehicles or information items in
form of data. The activity specifying UC “Plan incoming
freight flow” is shown in Figure 3. The procedure consists of
two steps “Logistics Service Request” and “Assign and
Reserve Storage and Transshipment Area”, whereby several
objects are entering and leaving the activity. For instance, the
“Logistics Service Request” contains information from an
external logistics system specifying date, type, volume,
transport vehicle and destination of freight that will enter the
terminal.
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Figure 3. Activity Diagram "Plan incoming freight flow"

The activity diagram in Figure 4 structures the top-level
system processes taking place at the terminal. In this diagram
the UCs are mapped by corresponding activities, for instance
“Manage internal freight flow” located in the center of
Figure 4. Taking a closer look one recognizes certain areas in
which specific activities and UCs are clustered that are
strongly linked to each other. The central part comprises the
internal management and procedures which take care of
handling, sorting and storing freight. It becomes apparent that
a large number of information flows is necessary for the
coordination of these internal terminal processes. On the left
side processes are clustered dealing with the loading and
unloading of road vehicles, whereas on the right side
activities linked to railway vehicles occur. Besides loading
and unloading, it is necessary to recharge their mobile energy
storage as well as to decouple and compose the cars to the
NGT CARGO freight train for long distances. The diagram in
Figure 4 can be seen as a kind of functional architecture that
structures and interconnects the essential system functions by
object flows. It allows the description of the terminal
independent of the technology and is therefore the final step
of the system analysis. The derivation of a physical
architecture is the main task of the design process, which is
beyond the scope of this paper. It is based on the allocation of
logical and subsequently physical components that realize the
identified activities.

IV. DiscussioN

There are only a few publications investigating
intermodal terminals for high-speed rail cargo, e.g. [11], [25]
and [26], and none of them applies methods of system
analysis to specify the requirements and functions of the
terminal. However, they all confirm the need for high-speed
freight transport and at the same time they consider the
terminal to be an important factor in achieving a competitive
intermodal rail service. The results found in the literature are
generally consistent with the main requirements of our
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analysis. For example [11] recommends that technical
solutions, such as automated transshipment and temperature
controlled systems,

are required for rail freight services for LDHV goods.
Furthermore it is found in [11], that these technologies must
be complemented by collaborative operational solutions and
viable duty scheduling for an intermodal terminal.

The MBSE methodology applied in this work has proven
to be promising for the holistic system analysis of an
intermodal transport node. The method provides concrete
functional requirements based on a systematic approach and
additionally enables a consistent documentation. It is found
that the identification of stakeholders and the derivation of
their needs and pain points are crucial for the development of
new freight transport systems. The requirements analysis for
the intermodal terminal demanded more effort than expected.
Due to the diversity of stakeholders it is difficult to get in
touch with representatives of all categories and to find
persons, who are open for discussions regarding future
transport systems.

The analysis tools, such as system context and use case
analysis we use for this work are very helpful methods to
broaden the perspective and reveal hidden or not directly
obvious system dependencies. A very profitable aspect of
these methods is that they can be applied with the
participation of several people, which significantly increases
the solution space. However, the output strongly depends on
the individual expertize of the participants. Furthermore, it
has been found that the output of the analyses is enhanced if
the meetings are prepared and moderated so that the
discussions do not get lost in detail. Besides the
documentation of final results in the system model, the use of
SysML Diagrams is very helpful to structure the output
during the discussions. However, it is expected that the
knowledge gained from the system model and the associated
diagrams will increase further in the design phase.

V. CONCLUSION AND OUTLOOK

To improve the attractiveness of rail freight, a high-speed
freight train concept, the Next Generation Train CARGO,
was developed in a previous project. However, the
corresponding transshipment infrastructure has not yet been
analyzed in detail. In this work, we apply the methodology of
Model-Based Systems Engineering for the system analysis
and specification of an intermodal freight terminal for this
concept. The analysis comprises the investigation and
specification of

e system idea and system context,
e stakeholders and their requirements as well as

L4 use-cases.

Initially, the intermodal terminal is identified as a
bottleneck in possible logistics chains for LDHV goods based
on the NGT cargo concept. As the interface between logistic
management systems, railway operation systems and road
traffic the terminal needs to synchronize the internal
procedures with these external systems to guarantee a
competitive logistic chain. The analysis of stakeholders that
need to be considered when designing the terminal
emphasized the diversity of potential users and operators,
including shippers, logistic service providers, railway
undertakings and infrastructure companies as well as
forwarder and carrier of other modes of transport. The
exchange with representatives of logistics service providers
clarified the complexity of current logistics chains
transporting LDHV goods. Depending on the type of good,
various transport networks exist that are adapted to the
current road infrastructure. The integration of an intermodal
terminal in order to shift the main run from road to rail is
therefore linked to high demands concerning accessibility,
transshipment times, costs and reliability of the terminal. It is
assumed that the transshipment time of freight between road



and railway vehicles shall not exceed one hour. This demands
an internal management system that coordinates all vehicles
and freight flows entering and leaving the terminal.
Furthermore, immersing investigations regarding the
operational concept of NGT CARGO are suggested.
Additionally, it turns out that the requirements regarding the
transport of goods intended to be forwarded with this concept
are differing. This complicates the derivation of
transshipment technologies as well as their degree of
automation and requires a rethinking of the target goods (as
defined in the previous project). Irrespective of the type of
freight and operational concept, highly efficient and
structured terminal processes are necessary so that the speed
advantage on the main line is not lost. Overall we have
derived 50top level requirements subdivided into the
categories functionality, usability, performance, physical and
business, specifying the terminal. Based on a use case
analysis, 23 main tasks were identified that need to take place
at the terminal. By interconnecting these tasks with object
flows, an example for a functional architecture was deduced.
This architecture structures the main functions of the terminal
and allows a description of the corresponding activities.

The results found in the literature dealing with the
development of intermodal terminals for high-speed rail
freight are generally consistent with the main requirements of
our analysis. The MBSE methodology applied in this work
has proven to be promising for the holistic system analysis of
intermodal transport nodes. The method provides concrete
functional requirements based on a systematic approach and
additionally enables a consistent documentation. It is found
that the identification of stakeholders and the derivation of
their needs and pain points are crucial for the development of
new freight transport systems.

In further investigations the results of the work shall be
used as a starting point for the design and verification of the
terminal. Based on the identified use cases and the functional
architecture, physical elements need to be identified which
realize the corresponding activities. In doing so, the
functional architecture is transformed into a physical
architecture of the terminal. According to the MBSE
methodology, the physical components and their
interrelations need to be implemented in the system model
and related to the functional requirements. In order to verify
the physical design based on the identified performance
requirements, simulation models shall be derived, which
estimate the system behavior with regard to the material flow
or technical procedures by means of numerical simulation.
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