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Introduction

Seaports are the Critical Nodes of Global Stability

Volume Economic Impact

~90% of global goods Essential catalysts for
are transported by regional and national
sea. development.

Vulnerability

Due to high interconnectedness, localized
disruptions (natural disasters, health crises,
technical failures) cause global cascading effects.

Port Resilience: The capacity to anticipate, prepare
for, respond to, and recover from disruptions while
maintaining essential functions.

. . - -
REDR Financiado pela CIENCIAS EMPRESARIAIS 0“.!,@3/ ==
% .: Uniéo Europeia POLITECNICO SETUBAL DIGITAL

NextGenerationEU SCHOOL - POLYTECHNIC UNIVERSITY SUSTANABLE

¥ REPUBLICA
PRR %~ PORTUGUESA

eeeeeeeeeeee




Introduction

The Paradigm Shift: From Reactive to Proactive Governance

Traditional Fragmented Port Digital Twin Ecosystem
S | o {0 |
golaination Fragmented & Siloed Data ©-—{--© Data-Centric Orchestration

Model e
Disruption Reactive Governance {@;ﬁ | w;@ Predictive Intelligence
Response & Post-Event Recovery @ & Anticipation
Contingency Manual / Paper-Based Unified Cyber-Physical
Planning Fallbacks Backup

Collaborative

Network Orestrator

Ecosystem ;
Rola Infrastructure Provider %

Industry 4.0/5.0 demands a systemic review of governance.
The goal is adapting to dynamic changes without catastrophic loss of function.
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Introduction

Portugal Ports 5+ Strategy (2025-2035)

Investment
& Growth

Accelerating
capacity,
productivity, and
private terminal
concessions.

Decarbonization

Transitioning to
Onshore Power
Supply and green
fuels like LNG and
Hydrogen.

e,
® @

Intermodality

Integrating rail
and dry ports
within the TEN-T
Networks.

———

Integration
& Security

Fostering Port-City
symbiosis and
combating illicit
trade.

Digitization &
Automation

Achieving total
interoperability
across ships,
ports, and land
transport.

JUL 5+ (Single Logistics Window) | €70 Million Investment in Advanced Digital
Technologies & Automation
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Introduction

Defining the Seaport Digital Twin

Flow Up: Real-time loT sensors, telematics, and
Th e historical data stream into the virtual environment. Th e

Physical Virtual
Port Port
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The Engine

Analytical models,
Artificial Intelligence,
and Machine Learning
process the data.

Flow Down: Predictive behaviors, optimized scheduling, and
disruption mitigation commands are sent back to physical operations.

Transcending mere 3D modeling, the DT is a dynamic decision-support ecosystem
maintained in continuous synchronization through bidirectional data flows.
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Introduction

ldentifiying Gaps

|||I Theoretical Gap @ Practical Gap

Empirical implementations focus almost
exclusively on large, automated mega-
terminals. Scalability and ROl remain
unclear for standard operations.

D
N >

High conceptualization, but lacking a
unified framework linking DT to resilience,
interoperability, and logistical continuity.

! \ Methodological Gap 9 Contextual Gap
1530\

The evidence base is dominated by

Abundance of isolated prototypes, but a . .
. P YPES, Northern Europe and East Asia. Medium-
severe lack of causal inferences and . e )
) . sized ports, SMEs, and specific regional
comparative temporal evaluations. -
dynamics (like the Portuguese context)
are entirely underexplored.
\/
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Introduction

Research Context: The Trans-European Atlantic Corridor
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e The Focus:

A core Portuguese Atlantic seaport
serving as a vital node in the TEN-T
network.

The Profile:

High cargo throughput, strong
international connectivity, and high levels
of technological interoperability.

The Inquiry:

To what extent do stakeholders perceive
DT solutions as capable of enhancing
information flow resilience and operational
continuity in medium-sized seaports?
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Methods

An exploratory Qualitative Approach

Ecosystem
Definition

Targeting a core
Portuguese
Atlantic Corridor
port (TEN-T)
recognized for
high cargo
throughput and
digital maturity.
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Purposive
Selection
(n=10)

Expert-based
sampling of senior

stakeholders (-20 *

years average
experience)
interacting with
Port Community
Systems.

Semi-
Structured
Interviews

Average
duration of 45
minutes;
continued until
thematic
saturation was
achieved.
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Thematic
Analysis

Filtering
transcripts
into two
analytical
dimensions.

1) Resilience of
Information Flow.

2) Continuity &
Sustainability of
Operations.




Capturing the Ecosystem Perspective

The Stakeholder
. Ecosystem Map

X /

\ \

Port

Tow(uy I (@ ntermodal Patform (G1) |
Flow (JUL) ‘ Intermodal Platform (G1)

» Importer (A1) ,
Exporter (B1) '

Customs Broker (E1) )
Customs Agent (F1)

The port ecosystem is a complex network of stakeholders with divergent operational, regulatory, and strategic
objectives. Successful DT implementation requires aligning these frequently antagonistic perspectives.

Port Authority Dimension (H1) ‘
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Results & Discussion

AD | - Resilience of Information Flow

Information Flow Resilience Diagram

Traditional

— Ehi—> R -

Blindness during JUL/Customs failure.

DT-Enabled

\ ",
—» 5=

S

=)

DT as continuous information
redundancy.

.

¢ Proactive Anticipation: Real-time sharing of
work peaks, weather, and congestion
prevents cascading damage.

r

* Eliminating Fragmentation: Centralized
single-source-of-truth replaces multi-platform
duplication.

e Trust as an Asset: Transparency in operations
builds critical trust among traditionally siloed
stakeholders.
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Main Themes
Anticipating Disruptions and
Proactive Planning

Operational Continuity and
Information Redundancy

Centralization and Elimination of
Fragmentation

Strengthening Trust and
Transparency

Organizational Commitment and
Governance

Responsiveness to Unforeseen
Events




Results & Discussion

AD Il - Continuity and Sustainability of Port and Logistics Operations

Acceleration &
Efficiency

¢ Eliminates manual
processes and
associated erros.
Optimizes empty

container handling and

simplifies multi-step
logistics, delivering
faster, more reliable
operations.

Real-Time
Monitoring

e Continuos monitoring

allows dynamic course

correction for projects.

Superior transport
planning reduces
unnecessary trips and
inefficient resource
allocation.

Environmental
Sustainability

e Rigorous emissions

tracking and optimized
truck entry/exit times
drastically reduce
idling. Promotes a
paperless, energy-
efficient operational
footprint.

Main Themes

Acceleration, Efficiency, and
Continuous Improvement

Real-Time Monitoring and
Anticipation of Disruptions

Operational Continuity and Risk
Reduction

Environmental Sustainability and
Carbon Footprint Reduction

Innovation, Competitiveness, and
New Business Models

Resource Optimization and Loss
Minimization
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Conclusion

Digital Twin as a Socio-Technical Enabler

(Digital (Stakeholder
Infrastructure W Trust

¥ + -
Data AN  Collaborative
Interoperability) Governance)

Technology alone is insufficient. The research proves that seaport resilience cannot be
engineered exclusively at the infrastructure level; it requires deep interorganizational alignment
and cultural commitment to shared digital ecosystems.
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Conclusion

Strategic Implications and Future Horizons

! Implications for

Managers & Authorities Policy Directives

i

e Integrate Port e Public investment must
Community Systems prioritize digital standard-
(PCS) with stakeholders setting across the Atlantic
to end fragmentation. Corridor.

e Invest in interoperability, e Technological
not just localized modernization must be
automation. paired with collaborative
ecosystem governance.
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Addressing Limitations
& Future Research

Current limits: Single-port
focus, cross-sectional data.

Future needs: Longitudinal
studies tracking DT
evolution over time, and
mixed-method
quantitative/qualitative
comparative analyses
across multiple European
corridors.
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