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The global logistics landscape is undergoing a fundamental shift as environmental pressures, labor shortages, and
efficiency requirements drive the industry toward more sustainable and integrated solutions. Combined Rail-Road
Transport (CT) has emerged as a cornerstone of this evolution, particularly in Europe. By leveraging the flexibility
of road transport for first-and-last-mile delivery and the high-capacity efficiency of rail for long-haul distances, CT
provides a pragmatic path toward the decarbonization of freight. However, the transition from traditional unimodal
road transport to a seamless intermodal system requires more than just infrastructure; it demands a sophisticated
layer of digitalization and automation. This article provides an in-depth exploration of the technologies,
operational frameworks, and strategic implementations defining the future of intermodal terminals and combined
transport networks.

1.Theoretical Framework and Definitions in Intermodal Logistics

To understand the complexities of modern freight, it is essential to distinguish between several often-conflated
terms. While they all involve the movement of goods via multiple modes, their technical and legal implications vary
significantly.

1.1 Multimodal vs. Intermodal vs. Combined Transport

e Multimodal Transport: The movement of goods under a single contract but performed with at least two
different modes of transport (e.g., road, rail, sea, or air). The carrier is legally responsible for the entire journey.

¢ Intermodal Transport: A sub-category of multimodal transport where the goods are moved in a single
Intermodal Transport Unit (ITU)—such as a container, swap body, or semi-trailer—without the goods themselves
being handled when changing modes.

¢ Combined Transport (CT): A specific form of intermodal transport, primarily defined in European legislation
(Directive 92/106/EEC), where the major part of the journey is by rail, inland waterway, or sea, and any initial or
final leg by road is kept as short as possible.

The technical objective of Combined Transport is to maximize the "rail leg" to capitalize on the lower energy
consumption per tonne-kilometer (tkm) compared to pure road haulage. Research suggests that rail transport
produces approximately 65-75% less CO2 emissions than road transport for the same distance and weight, making
CT a primary tool for achieving the goals of the European Green Deal.

2.The Architecture of a Modern Intermodal Terminal

The intermodal terminal acts as the node in the transport network where the transfer between modes occurs.
Historically, these terminals were labor-intensive and prone to bottlenecks. Modern terminals, such as the DUSS
Terminal in Ulm or major hubs supported by UIRR (International Union for Road-Rail Combined Transport),
now utilize a complex stack of hardware and software.

2.1 Key Infrastructure Components



Successful terminal operation relies on the synchronization of several mechanical and digital components:

1. Gantry Cranes and Reach Stackers: Specialized heavy machinery used to lift ITUs from trucks to rail wagons
and vice versa.

2. Rail Sidings: Specialized tracks designed for loading and unloading, often requiring lengths of 740 meters to
accommodate standard European long-haul freight trains.

3. Gate Operating Systems (GOS): The entry and exit points where vehicles and units are identified.

4. Storage Yards: Temporary buffering zones where containers are stacked based on their next transport leg
and priority.

3. Digitalization: The Nervous System of Freight

Digitalization in CT refers to the replacement of paper-based processes with real-time data flows. This transition is
powered by Artificial Intelligence (Al), Optical Character Recognition (OCR), and Internet of Things (loT)
technologies.

3.1Vision-Based Gate Automation

One of the most significant breakthroughs in terminal efficiency is the implementation of Al-driven camera portals.
Companies like Camco Technology have pioneered vision systems that identify vehicles, containers, and trailers
in motion. These portals utilize high-resolution cameras and deep learning algorithms to perform the following tasks:

* Container ID Recognition: Automatically reading the ISO 6346 code of a container.

¢ ILU Code Recognition: Identifying Intermodal Loading Units (swap bodies and trailers) according to EN 13044.

» Damage Inspection: High-definition imaging records the condition of the unit upon entry, providing a legal
audit trail to determine liability for damages.

e Hazardous Goods Detection: Recognizing ADR/RID orange plates and placards to ensure safety compliance.

3.2 Terminal Operating Systems (TOS)

The TOS is the central software platform that manages terminal assets and workflows. It integrates with the Gate
Operating System and the Rail Infrastructure Manager'sdata to optimize crane movements. A sophisticated
TOS uses mathematical optimization algorithms to reduce "re-shuffling"—the inefficient movement of containers to
reach a unit buried at the bottom of a stack.

4.Technical Analysis: Automation in Practice

Automation in Combined Transport extends beyond data entry; it involves the physical movement of assets. Current
pilot projects focus on autonomous trucks and automated gantry cranes.

4.1 Case Study: Autonomous Trucking at the DUSS Terminal

In Ulm, Germany, a landmark project has tested the use of fully automated truckswithin the terminal perimeter.
The workflow follows a precise technical sequence:



Phase Action Technology Involved

1. Check-in Truck arrives at the automated gate; OCR Portals, RFID
unit is identified.

2. Handover The human driver uncouples the Manual Operation
trailer at a dedicated transfer zone.

3. Autonomous Transit An autonomous terminal tractor picks Lidar, GNSS, SLAM Algorithms
up the trailer and navigates to the
crane track.

4. Loading Gantry crane (automated or remote- PLC Control, Vision Sensors
controlled) lifts the unit onto the train.

The elimination of human drivers within the dangerous crane-operation zone significantly increases safety and
allows for 24/7 operations, unaffected by driver rest-period regulations.

5. Mathematical Modeling of Modal Shift Efficiency

To evaluate the technical viability of Combined Transport, engineers use specific formulas to calculate the "Break-
Even Distance" and the "CO2 Mitigation Potential."

5.1 The CO2 Mitigation Formula

The environmental benefit (E) can be calculated as follows:

E = (D_road * EF_road) - [(D_pre * EF_road) + (D_rail * EF_rail) + (D_post * EF_road)]
Where:

¢ D_road: Total distance if the journey was road-only.

e EF_road: Emission factor for heavy-duty vehicles (approx. 62g CO2/tkm).

e D_pre/D_post: Distance of the road legs to/from the terminal.

e D_rail: Distance of the rail leg.

» EF_rail: Emission factor for rail freight (approx. 15g CO2/tkm, varying by energy mix).

For a typical 1,000 km journey, shifting to rail for 800 km results in a net emission reduction of over 60%, even
when accounting for the energy used in terminal transshipment.

6. Comparative Evaluation of Transport Modalities

Choosing the right transport strategy requires a multi-criteria analysis. The following table compares pure road
transport with modern, automated Combined Transport.



Feature Unimodal Road Transport Automated Combined Transport

Scalability Low (requires 1 driver per truck) High (1 train replaces 40+ trucks)

Carbon Footprint High (~60-100g CO2/tkm) Low (~15-25g CO2/tkm)

Cost Stability Volatile (fuel, tolls, driver wages) Stable (electricity-based, high fixed
costs)

Reliability Medium (congestion-prone) High (dedicated rail paths, automated
slots)

Data Integration Fragmented High (standardized EDI/XML
protocols)

7. Operational Challenges and Engineering Solutions

Despite its advantages, Combined Transport faces significant technical hurdles. The "Interoperability Gap" is the
most prominent.

7.1 Infrastructure Incompatibility

In Europe, different rail gauges (e.g., Iberian vs. Standard), varied electrification voltages (1.5kV DC, 15kV AC,
25kV AC), and diverse signaling systems (ETCS vs. legacy systems) create friction. Engineering solutions include:

¢ Multi-system Locomotives: Capable of operating under multiple voltage regimes.

¢ Gauge-changing Axles: Allowing trains to transition between different track widths without unloading.

¢ P400 Semi-Trailers: Standardized trailers with a 4-meter corner height that can fit through the majority of
European rail tunnels.

7.2 Scheduling and Synchronicity

A delay in the road-leg arrival can cause a missed "slot" on the rail network. Modern Predictive Analyticstools

use real-time GPS data from trucks to adjust terminal crane priorities dynamically. If a truck is delayed by traffic, the
TOS automatically re-sequences the train loading plan to ensure the train departs on time, leaving the delayed unit
for a later connection.

8. Implementation Roadmap for Logistics Providers

For a logistics company to transition into Combined Transport, a phased technical integration is recommended:

1. Asset Evaluation: Ensure trailers are "craneable" (equipped with lifting pockets) and certified under ILU
codes.

2. Digital Linkage: Integrate internal ERP systems with terminal Booking APIs (Application Programming
Interfaces).

3. Pilot Corridor Selection: Start with high-volume, long-distance routes (e.g., Northern Italy to Benelux/
Germany) where rail frequency is high.

4. Sustainability Reporting: Implement telematics to track and report CO2 savings to end-customers, creating a
competitive advantage.

9.The Future: Al-Driven Syncromodality



The next frontier is Syncromodality. Unlike intermodal transport, where the mode is fixed at the time of booking,
syncromodality uses Al to make real-time decisions about the best transport mode based on current network
conditions. If a rail line is blocked, the system automatically redirects units to inland waterways or road, maintaining
the supply chain's resilience.

Technological advancement in vision systems, such as those provided by Camco and utilized by UIRR partners,
will eventually reach a point where the "dark terminal" (a fully automated facility operating without human
intervention) becomes the industry standard. This will involve autonomous cranes, Al-managed yard stacking, and
blockchain-based smart contracts for instant, paperless customs and payment processing.

In conclusion, the evolution of Combined Rail-Road Transport represents a synergy of mechanical engineering and
digital innovation. By automating the terminal interface and digitalizing the data flow between stakeholders, the
industry can overcome the historical barriers of cost and complexity. As technical standards continue to harmonize
across borders, CT will solidify its role as the backbone of a green, efficient, and resilient global logistics network.
The integration of Al, autonomous vehicles, and sophisticated Terminal Operating Systems is no longer a futuristic
concept but a present-day necessity for any competitive logistics operation.
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