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Tendencias Globalesal2040 = =

* By 2040, smart ports will likely have evolved from digitally connected
terminals into autonomous, predictive, low-carbon, and climate-
resilient logistics ecosystems. Competitiveness will depend not only on
container-handling productivity, but also on the ability to coordinate
ships, terminals, inland transport, energy systems, customs,
communities, and digital platforms in real time.

* This forecast is not a prediction of one inevitable future. It is a scenario-
based assessment based on current technological, regulatory,
environmental, and operational trends. Most imﬁortant external anchor!’
is the IMO’s 2023 greenhouse-gas strategy, which calls for international
shipping to reduce total GHG emissions by at least 70%—striving for
80%—by 2040 compared with 2008 (net-zero emissions targeted by or
around 2050). Consequently, by2040, smart-port development will be
inseparable from decarbonization.
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The 2040 smart-port concept
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By 2040, a smart port should be understood as:

* Interconnected maritime logistics ecosystem that uses real-time data, artificial intelligence,
automation, clean energy, and collaborative governance to optimize cargo flows while improving
safety, resilience, environmental performance, and social value.

* This definition extends the earlier idea of a smart port as a connected, sustainable, safe, and
automated port. It also reflects the increasing importance of end-to-end integration: recent
assessments describe Al systems that predict congestion and autonomous vessels moving from
concept toward prototypes.

The principal change will be a shift:

* from reactive operations to predictive operations;

from isolated terminal optimization to network-wide optimization;
from fossil-fuel dependence to digitally managed clean-energy systems;
from human-operated equipment to human-supervised autonomy;

from efficiency alone to efficiency combined with resilience and sustainability.
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Likely technological trajectory
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Artificial intelligence as an operational (up to strategical) layer
Digital twins and simulation

Autonomous and remotely operated systems

Decarbonization and the energy-port nexus
* Ports as energy hubs

e Shore power and emissions management
e Carbon measurement and regulation

Autonomous ships and smart port calls

The port as a network platform

Resilience under climate and geopolitical uncertainty
Human capital and the future workforce
Cybersecurity, sovereignty, and digital trust
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Three likely scenarios

* A: Coordinated smart-green transition
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Optimistic scenario: ports, shipping lines, regulators, and energy providers establish common standards. Clean
fuels become available, port-call data are shared, automation improves safety, and digital platforms reduce
congestion and emissions.

The port functions as an integrated maritime-energy-logistics ecosystem. Most efficient scenario, but requires high
investment, international cooperation, and effective regulation.

* B: Fragmented technological transition

Major ports deploy advanced systems, but platforms remain incompatible. Large shipping companies and terminal
operators capture most of the benefits, while smaller ports and logistics providers struggle to participate.

The result is technological progress without full network integration. Port productivity improves in selected
locations, but supply-chain visibility remains incomplete and inequalities between regions increase.

* C: Resilience-first maritime system

Repeated climate, cyber, and g_eopolitical shocks lead ports to prioritize continuity over maximum efficiency. Ports
invest heavily in redundancy, distributed energy, alternative routes, and secure local systems.

Automation and Al still expand, deployed cautiously. Emphasis not on most advanced technology, but on systems
that can continue operating under disruption.

2040: The actual future will probably combine these scenarios. Major gateway ports may approach Scenario A,
smaller or vulnerable ports may follow Scenario C, and global interoperability may remain closer to Scenario B.
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and supply chain management. In: R. Lasch and C.G. Janker (eds.)
Logistik Management, DUV, Wiesbaden (2005), 467-476.

Live recordings of the lectures
within a Web-based VLE
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’ International Workshop on Risk Management
= in Port Operations, Logistics and Supply Chain
Security, London, September 29th, 2006
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Container Terminal Operations Under
the Influence of Shipping Alliances

Imperial College
London
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Shuttle connections for the seaport
container terminals of Hamburg (2)
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Design of shuttle connections /

Underground transport system (1)
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C&U system Hamburg (Prefeasibility study)

22.08.2012 Transport Systems for Linking Seaport Container Terminals and Dedicated Satellite Terminals
Joachim R. Daduna / Robert Stahlbock / Stefan Vof3




Design of shuttle connections /
Underground transport system (2)
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Swiss Metro concept (Concept study)

22.08.2012 Transport Systems for Linking Seaport Container Terminals and Dedicated Satellite Terminals
Joachim R. Daduna / Robert Stahlbock / Stefan Vof3

10




Example of an automated container terminal
(Container Terminal Altenwerder ( ), Hamburg, Germany)
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Second Generation Third Generation

First Generation
Paperless Procedures
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Smart Procedures

Automated Procedures
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- History of ports illustrates how digital innovation shapes processes and triggers modernization of ports

- 2020-2025 and beyond: Digital Twin; Generative Al

-15-

- 2025-2030 and beyond: Agentic Al

(related to Kondratieff Cycles)
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Generative and Agentic Al
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 Large language models (LLMs) as backbone of todays human-
computer interaction systems through various interfaces

* Early issues such as hallucinations can be mitigated with retrieval-
augmented generation (RAG) approaches, particularly based on

kn OWledge gl‘a p hS [RAG operates by fetching relevant facts from external repositories and feeding them to the LLM to
guide its output. The process is split into two primary pipelines: Data Injection and Query & Retrieval.]

 Shift from single agents to multi-agent systems (MAS) (not really a
new concept), thus also agentic generative Al (emphasizing LLM-
based agents)

* Considering technical, security, and transparency challenges, as well
as the trade-off between augmentation, automation, and
autonomization (human-in-the-loop vs. human-out-of-the-loop)



Agentic Generative Al Workflow

* |dea: Instead of performing all tasks separately, combining
them into a workflow in a MAS architecture

* Modeling, data, and solution
agent: Performing previously
presented tasks

* Orchestrator agent: Control,
coordination, monitoring,
safety

* Insights agent: Explainability
of processes, visualization of
results in dashboards
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Also:

(Relatively) New Technologies ...
...e.g.,, VR/AR

... Digital content watermarking
(related to generative Al)

ESCUELA DE INGENIERIA DE

® CONSTRUCCION Y TRANSPORTE
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Digital Twin - Strict Definition

Digital Support System

IIII>

Manual or non-
continuous data
exchange.

<III

Manual influence
from both sides.

What is a digital twin?

Digital Shadow

One-way data
exchange in real
time.

v

Automated influence
from one side.

Digital Twin

Automated data
exchange in real
time.

|

Automated influence
from both sides.

Fuller, A., Fan, Z., Day, C., Barlow, C., 2020. Digital Twin: Enabling Technologies, Challenges and Open Research. IEEE Access 8, 108952-108971.

Institute of Information Systems

University of Hamburg
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Advanced Decision Support

Data Analytics Optimization Predictions Reporting Simulation Monitoring

‘#‘ 1 9 2 8 - 2 0 2 8
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loT Data Platform / Data Lake

bid
e

Digital Twins

\ External ERP TOS

Terminal Equipment Data Collection

Main application scope for decision support

Transport Scheduling and Storage Assignment (with Straddle Carriers)
Yard Housekeeping / Blocks Relocations Problem

Integration of Transport Predictions for Import Containers

Predictive Maintaince and Shift Planning



Framework / Digital Twin
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Digital Twin ;

Visualization
\ Example: Develop
, improved yard layouts and
1 a-a plan investments using
An a |yS IS Decision emissions data to achieve
\ SU ppor‘t climate goals.
Optimization :
\ T - StratEglc Example: Plan CHE
P F:el- and acrcfeEs.' : upgrades (incl. retro-fitting)
. . nergy- 2 Emissions i tional and
Prediction TR NOx Emissions Tactical pe‘,']fé?,iﬁﬁﬁé‘;é":ﬂ;’ﬁusis
‘ soer | oo, i
7 2.5
Reporting Operational
: Example: Adjust CHE
. . schedules/assignments and
S Imu I at on maintenance for optimal
\ fuel efficiency.
Monitoring Operative Condition
Data Data : N
loT . Processing Application
Ingestion Storage

Example Use Case: Slow Steaming




Sustainability / Environmental Management:
Strategic Planning of Green Technologies
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Shore side electricity (SSE)
Problems

® large investment

® Uncertain environmental benefit

e Complex terminal operations

Vessel
~  equipped

with SSE

ooy Tonsormer SN

01.09.26 | Stefan Vo3 27



Combining Digital Twin and Sustainability

Turning the Terminal: Travel Times under the
Influence of Weather at the Container Terminal

4| HAMBURG 5

Target: Analyzing the driving times of straddle carriers in a b R S e el = o £ e
container terminal if the container blocks are turned 90 degrees, = S e ‘
thus changing weather influences on the drivers as well as
potentially reducing weather counter measures.

Prerequisites:

* Prediction of drive times with artificial distance matrix.

* Need for new/simulated distance matrix with turned
blocks. Or focus just on an artificial terminal with driving
models developed at EUROGATE.

* Analysis of straddle carrier drive times with weather influence.
* Machine-learning-based drive-time paper as foundation.

* Further feature engineering required (i.e., wind direction
in relation to mean driving direction.
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Port Call Learning and
Optimization Challenges:
The PortCall.Zero Project

Stefan Vof3
Professor of Information Systems,
University of Hamburg (GER)

Frederik Schulte,

Assoc. Prof. Maritime and Transport
Department

Delft University of Technology (NL)




PortCall.Zero — Learning and Opt. Challenges s —

%
YALPARD

Decarbonization strategies are typically distinguished as efficiency improvement and technological switch © : ©
approaches. In this project, we can consider both types of strategies to decarbonize the port call process. In
practical terms the three main aims of the project are consequently:

1. Port call optimization to minimize waiting emissions (“efficiency improvement”).

2. Port call optimization for port calls that are optimized for shore power and alternative fuel usage
(“technological switch”).

3. Create a virtual port call environment for net zero port call scenario evaluation.

Port Authority: How will EU ETS effect our port calls? How to make our port call systems smarter? How can we improve inhouse ETA predictions?

City of Rotterdam: How do we reduce emissions in our area?

APMT: How can we make NextLogic: How can
. PortXChange: How do .
Maersk: We Kotug.. How 0 05 5 shore power happen to we improve ETA
, do anticipatory we know how much . redictions to
dream of virtual bt schigdulin hor cwill b reduce terminal scope 3 predic
port call queue! : E X roreRower witx® emissions? Portwise +1. minimize barge

without depending  needed?
on data sharing?

turnaround times?

Waiting at Anchorage Pilot to Berth Cargo OPS Time m Berth to Pilot




>\ PONTIFICIA
%2\ UNIVERSIDAD

£) CATOLICA pk
4./ VALPARAISO

1 9 2 8 - 2 0 2 8

Just in time reduces

Innovative models for JUST IN TIME up FO -150|V| tons of
'shore power and o emissions
alternative fuel port

é )
calls Ea
' 100% Shore Power @ Net zero emissions goal

Berths is reached in ports

in Rotterdam and around Europe

Moerdijk

e
THET0 2680

{ Jl
,,

Sy after project 10y after project Net zero emissions

PortCall.Zero Project Y
Fit for 55;

EU ETS FuelEU Maritime
100% (mandatory on-shore power use)



Interconnected maritime logistics ecosystem
using real-time data, artificial intelligence,

. automation, clean energy, and collaborative
PUERTOS 5.0: governance to optimize cargo flows while

‘aﬁﬁ ‘ EL DESAFIIO DE LA RESILIENCIA improving safety, resilience, environmental

s | performance, and social value.

Topics for now and the future:

« Digital Transformation (incl. Agentic Al)

* Digital Twin

* Resilience (from operations to climate and beyond)
 Buffers

e Sustainability

* @Governance

* Energy transition

 Measuring (e.g., vulnerability, emissions)
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The Future
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Maritime Shipping in 2040

Gracias. Proguntas?

Stefan Vol3

e-mail: stefan.voss@pucv.cl
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