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SMART-PORT: HOBA ITAPAAUTMA YIIPABAIHHI MOPCbKMMMU ITOPTAMU

The aim of this article is to substantiate the conceptual foundations of the "Smart Port” as a new paradigm
for seaport management, to identify the key elements of this model, and to assess their impact on the
formation of an adaptive, integrated port management model. Within the scope of the study, it was
established that the "Smart Port” concept does not have a single standardized realization and
implementation format, allowing ports to adopt varying levels of digital transformation-from partial
automation of specific processes to the creation of fully integrated digital ecosystems. It has been
demonstrated that an effective transition from a traditional functional-operational model to an adaptive,
data-driven, and network-integrated management model requires a close alignment of technological
innovations with the strategic objectives of the port, including reducing cargo handling time, improving the
transparency and accuracy of management decisions, optimizing logistics flows, and ensuring energy
efficiency. The key characteristics of the "Smart Port” concept have been identified as: digitalization of
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operations through ICT, lIoT, Big Data, and digital platforms; integration andinterconnectivity of port systems;
intelligent management through analytics and Al; operational autonomy; integration into global supply
chains; and environmental orientation and energy efficiency. Within this study, the possibility of building
an adaptive and integrated management model has been highlighted, focusing on the following "Smart
Port” elements: digital infrastructure, integrated management systems, analytical-intelligent management
core, automated and robotic systems, stakeholder interaction platforms, cybersecurity systems, and
environmental and energy solutions. Accordingly, the value of the study lies in the systematic identification
of development vectors for an adaptive port management model, reflecting the comprehensive
transformation of port infrastructure and operations in the context of digitalization, integration, and
sustainable development. Specifically, these vectors enable the formation of an efficient, transparent,
technologically integrated, and environmentally responsible port management model, enhancing global
competitiveness and ensuring the sustainable development of portinfrastructure.

MeTolto cTarTi € 06rpyHTYBaHHs1 6a30BuUX 3acag koHuenuii "Smart Port” sk HOBOT napagunrmm ynpasJliHHS
MOPCbKUMU NMOPTaMU, a TaKOXX BU3HaY€HHSI KJTIOHOBUX eJIeMEeHTIB uiei moaei Ta ix BnanuBy Ha popmyBaHHS
aganTuBHOI M iHTerpoBaHoOi cucTtemu yripaBJliHHSI MTOPTOBOIO JiJIbHICTIO. Y Mexxax AOCNig)XXeHHsI BCTaHOB-
JIeHo, W0 KoHuenuisa "Smart Port” He mae cTaHgapTn3oBaHoro ¢oopmarty peasizauyii Ta BNpoBag>XeHHs, Lo
A03BOJISIE NopTamM obmupaTtu pi3Hi piBHi ungposoi TpaHcopmawii — Big YacTkoBoi aBTOMaTu3awii okpemMux
npoueciB [0 iHTerpoBaHux UngdpoBux ekocucrtem. flosegeHo, wio epekTMBHUNA nepexia Big tpagnuiiHoi
¢yHKLUiOHaNbHO-0onepawyinHoi mogeni 4o aganTuBHOI, OPIEHTOBAHOI Ha AaHi Ta MepeXXHi MogeJli ynpaBJiiH-
HS1NOTPEebye TiCHOro 3B 93Ky TeXHOJI0riYHNX IHHOBaLii 3i cTpaTeriyHuMu Linamu nopry (cepen ssknx CKopo-
YeHHsl 4acy 06po0Oku BaHTaXiB, NigBULLEHHS MPO30POCTi Ta TOYHOCTI yrnpaBliHCbKUX pilleHb, onTuMi3aLlis
JioricTu4HNX NOToKiB Ta 3ab6e3ne4yeHHs eHeproe@deKTUBHOCTI). KoHcTaTroBaHO, WO KJIHIOYOBUMU O3HaKamMn
KkoHuenyii "Smart Port” e: ungposisauis gisnbHocTi 4epe3s ICT, IoT, Big Data Tta un¢posi nnar¢popmu; iHTer-
POBaHICTb Ta B3aEMO3B 'SI30K MiACUCTEM NopTYy; iHTes1eKTyaniaawis ynpasJsliHHS 3a 4ONMOMOrol0 aHaJliTukn tra
Al; aBTOMaTn3auis onepawivi; iHterpauis y rnmobasbHi naHutory nocrayaHHsl; eKoJsIoriyHa opieHToBaHIiCcTb Ta
eHeproegeKkTuBHiCcTb. Y AoCnig)XeHHi BigMivyeHa MoXJmBicTe No6y[o0Bu ananTUBHOI, iHTerpoBaHoi mogesni
ynpasJliHHS MOPCbKUMU nnopTamMmu 3a poKycoM Ha Taki enemeHTn "Smart Port”, ak: yungpoBa iHppacTpykry-
pa, iHTerpoBaHi cuctemu ynpasiHHSl, aHaNiTUYHO-IHTeIeKTyasibHe S4P0, aBTOMaTu3oBaHi Ta poboTn30-
BaHi cucremun, nnartgopmMmu B3aemMogii 3i cterikxongepamm, cuctemMm Kibepbe3nekun Ta eKosioro-eHepreTuyHi
pimeHHs. LiHHicTb focnig)XeHHs NosiIira€ B CUCTeMaruiHoOMy BU3Ha4Y€HHi BeKTOPIB PO3BUTKY afanTUBHOI,
iHTerpoBaHoOi Mogeni ynpassliHHS MOPCbKUMU NOPTaMU, LLO BigbNBae KOMNJIEKCHy TpaHcopmawito noptTo-
BOi iHppacTpykTypy Ta onepauii y KOHTeKkcTi ungposizaulii, interpauyii Ta po3Bntky. 3okpema, oKpecsieHi
BEeKTOpU [03BOJISIIOTb CTBOPUTU €(PeKTUBHY, NMPO30pY, TEXHOJIOrNYHO IHTEerpoBaHy Ta eKOJIOriYHO BigrnoBi-
AanbHy MogeJib yrpasBJliHHS MOPTaMU, LLO MigBULLLYE IXHIO KOHKYPEHTOCIPOMOXXHICTb Ha CBITOBOMY PiBHI Ta
3abe3neyye cTannii po3BUTOKiHpacTpyKTypn.

Key words: use of digital technologies; intelligent environment; elements of the port ecosystem, optimization of
operational processes; global supply chains.

KnrouoBi cnoBa: BukopucmaHrHa 4ughpoBux mexHo02il; iHmenekmyassHe cepedoBuuie, enemeHmu nopmoBoi
ekocucmemu; onMuMI3ayis ONepayiiHuX npoyeciB; 2/106a16HI AAGHU02U NOCMAYAHHS.

PROBLEM STATEMENT including the Port of Rotterdam, Port of Hamburg, Port of

At present, seaports in different countries are
undergoing active transformation, driven by the shift
from traditional transport and logistics hubs to complex
multifunctional systems closely integrated into global
supply chains. A major aspect of this transformation is
the implementation of the "Smart Port" concept, which
involves the use of digital technologies to create an
intelligent environment where all elements of the port
ecosystem-from berths and terminals to transport and
information systems-interact in real time, ensuring
optimization of operational processes and increasing
their transparency.

The practical implementation of the Smart Port
concept can be observed in leading ports worldwide,

Valencia, Port of Singapore, Yangshan Deep-Water Port,
Port of Busan, and Port of Los Angeles, where its adoption
has already contributed to improved management
efficiency, faster cargo handling, better accuracy in
logistical coordination, and reduced vessel downtime.
Ukrainian seaports are at various stages of digital
transformation, and currently, the implementation of smart
technologies is mostly fragmented, carried out through
individual projects and initiatives rather than as an
integrated systemic "Smart Port" model. Meanwhile, initial
positive developments are already being observed, such
as increased operational transparency, improved planning
of transshipment processes, and optimization of document
flow between terminals and transport companies.
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Against this background, the "Smart Port" concept is
not only at the stage of active practical testing and
evolution but also represents a strategically important
direction for the development of the port industry both
globally and in Ukraine. However, the diversity of
implementation practices demonstrates that "Smart Port"
models depend on the specific characteristics of ports,
their level of technological development, the institutional
environment, and strategic priorities, which gives rise to
a scientific problem-the absence of a generalized
theoretical and methodological foundation.

Consequently, it necessitates the formation of unified
approaches to Smart Port implementation, which will
ensure consistency of digital solutions, integration of all
participants in the port ecosystem, and the achievement
of a synergistic effect from digital transformation.

Actual scientific researches and issues analysis.
Currently, the features of developing a new paradigm for
maritime port management — in particular, the implemen-
tation of digital technologies, automation of operations,
and integration of environmental standards — as well as
the general challenges of digitalizing the transport sector,
are actively explored in the works of Kyryllov V.Yu.,
Kyryllov O.V., Mahamadov O.R. [4], Kyryllova O., Kyryllova V.,
Mahamadov O., Romakh V. [4], Ki Jun W., Lee M.K., and
Young Cho J. [6]. At the same time, despite a significant
number of studies dedicated to the digitalization of the
transport industry, the issue of forming a comprehensive
paradigm for maritime port management based on the
Smart Port concept remains insufficiently developed,
which considerably complicates the implementation of
integrated development strategies and the optimization
of port operations.

RESEARCH AIM

The objective of this paper is to substantiate the con-
ceptual foundations of the "Smart Port" as a new
paradigm for seaport management, to identify the
key elements of this model, and to assess their

new paradigm for seaport management, grounded in the
integration of digital technologies, the intellectualization
of processes, and a systemic approach to the development
of the port ecosystem. Notably, according to the outlined
concept, "Smart Port":

1. Demonstrate operational efficiency, are technology-
driven, resilient to changes and crises, enhance the safety
of technological operations, are energy-efficient, and
pursue sustainable development (ADB [1]);

2. Aim to handle port assets and conduct port operations
while optimizing cargo flows and vehicle movements through
the use of new and advanced technologies (ESCAP [2]);

3. Have established a unified information environment
to coordinate all processes and enable rapid data exchange
among all participants in the supply chain (IMO, IAPH).

Given its significant relevance, the experience of
developing "Smart Port" is currently widespread in leading
seaports worldwide.

Notably, in the European region, the "Smart Port"
concept as a new paradigm for seaport management has
been a highly systematic approach since the early 2010s
and continues to evolve actively. In practice, this is
reflected in the implementation of comprehensive digital
solutions in leading European ports. For instance, at the
Port of Rotterdam, projects under the SmartPort brand
began to be systematically implemented around 2012—
2015 as part of a strategy for digitalization and the integ-
ration of digital traffic and infrastructure management
systems; at the Port of Hamburg, the first major steps
toward creating an loT platform and digital infrastructure
date back to 2018—2019, when the first sensor monitoring
systems and digital services were introduced; and at the
Port of Valencia, major digitalization projects, including
the deployment of a 5G network as a key element of the
Smart Port, were officially launched in 2024—2025 (see
Table 1).

Table 1. Examples of "Smart Port” concept
implementation in European region

impact on the formation of an adaptive, integrated
approach to port operations management.

Seaports
implementing
the concept

Key components defining the

"Smart Port" framework Results of smplementation

MAIN FINDINGS OF THE RESEARCH Port of Digital twin of the pon; IoT Impr'oved port operational
In this study. the Smart Port concenpt is Rotterdam sensors for monitoring water, efficiency, optimized
N Y .. P traffic, and infrastructure; logistics flows, reduced
formali Z.ed based . qn the prowspns of the Artificial Intelligence for cargo handling time,
International Maritime Organization (IMO) predicting vessel arrival times enhanced transparency and
(regulations on safe and sustainable port (ETA); Autonomous transport accuracy of management
development, digitalization of supply chains, and systems decisions
integration of smart solutions into port [Portof “Smart roads” and traffic sensors; | Enhanced traffic safety and
infrastructure); the Asian Devel opment Bank [|Hamburg real-time management of vessel controllability, integration of
’ - .
(ADB); and the United Nations Economic and Social and land transport traffic; the port into the urban
A X . integration of port and urban logistics system, improved
Commission for Asia and the Pacific (ESCAP), as infrastructure operational planning
well as the recommendations of the International efficiency
ASSOCIatlon. of P(?rts .and Harbors '(lAPH) Port of Deployment of 5G technologies Reduced emissions and
(implementation of intelligent technologies and |valencia for high-speed data exchange; energy consumption,

environmental sustainability); the European Commi-
ssion (EU — Blue Growth and Digital Ports)
(development of digital infrastructure and
integration of loT, Big Data, and Al); and UNCTAD
(digital transformation of logistics and transport
chains and integration of ports into global trade

digital port management platforms
(Port Community System,
terminal platforms); emission
monitoring systems; tools to
increase energy efficiency and
operational transparency (Digital
Twin, BI, KPI dashboards)

improved operational
transparency, optimized
logistics, enhanced resource
planning, decreased cargo
handling time

networks) [1—2; 5; 9]. This concept represents a

Source: compiled according to the [7—8].
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In the Asian region, the Smart Port concept, as a
new paradigm of maritime port management, is also
being actively implemented in leading port hubs,
demonstrating various aspects of digital transfor-
mation. Specifically, at the Port of Singapore, the
pursuit of deep automation and digital integration was
established as early as the beginning of the 2010s, with
stages of large-scale transformation accompanied by
the development of forecasting systems and integrated
platforms in 2015—2017, followed by further
expansion as part of the Tuas Mega Port construction.
At Yangshan Deep-Water Port, container terminal
automation projects and the implementation of loT
tools began around 2016—2018, ensuring a high
degree of operational autonomy at the terminals. At
the Port of Busan, the first implementations of smart
technologies and integrated planning systems date

back to 2017—2018, with subsequent expansion linked
to the creation of Al-oriented forecasting and optimi-
zation models. Thus, although Asian Smart Port initia-
tives started somewhat later, they quickly became a
significant component of management strategies
within global logistics networks (see Table 2).

In the United States, the gradual implementation
of Smart Port concept elements also began around
2012—2014, although this process is currently less
centralized and formalized compared to leading
European or Asian hubs. The primary role in the digital
transformation of American seaports is played by
major port complexes on the West Coast — the Port
of Los Angeles and the Port of Long Beach — which
are implementing comprehensive digitalization, auto-
mation, and environmental optimization technologies
(see Table 3).

Table 2. Examples of "Smart Port” concept implementation in Asian region

systems for operational
adaptation

Seaports Key components defining
implementing the the "Smart Port" framework Results of smplementation
concept
Port of Singapore | Fully automated Tuas Mega Faster vessel and cargo turnover,
Port; Al-based ETA and reduced delays at logistics junctions,
resource allocation systems; 5G | increased operational efficiency at
connectivity and digital data the global level, and maintenance of
platforms (digital PORT@SG); | its status as one of the world’s most
blockchain systems for customs | technologically advanced ports
clearance
Yangshan Automated guided vehicles Significant reduction in container
Deep-Water Port | (AGVs); robotic cranes and [oT | handling time, optimization of
(China) systems; weather forecasting operations without human

intervention, increased throughput
capacity, and enhanced resilience to
weather-related risks

Port of Busan Automated crane systems;
deeply integrated Al and Io
systems; development of
autonomous container

terminals

Improved terminal productivity and
flexible operational planning, as well
as the development of new
collaboration models between
equipment and data management

T

Source: compiled according to the [1; 6; 9].

Table 3. Examples of "Smart Port” concept implementation in United States

Seaports
implementing
the concept

Key components defining
the "Smart Port" framework

Results of smplementation

availability data; IoT platforms for
infrastructure and transport
monitoring; analytics for congestion
forecasting and operations
optimization; joint digital solutions
with Port of Los Angeles for green
shipping corridors

Port of Los Port Optimizer: digital platform for | Faster vessel and cargo
Angeles real-time management of vessel and | handling, optimized terminal
container traffic; [oT sensors for operations, improved decision-
monitoring traffic, berths, and making accuracy, enhanced
infrastructure; analytical tools for operational transparency, and
vessel arrival forecasting and reduced emissions and energy
terminal operations optimization; consumption
integration with environmental
monitoring systems.
Port of Long | Digital container traffic planning Increased throughput capacity,
Beach systems and integrated terminal optimized transport flows and

resource allocation, reduced
downtime, improved
operational efficiency, and
strengthened environmental
performance through “green”
initiatives

Source: compiled according to the [7—9].
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Traditional Management Model

Seaport Transformation

Smart Port

Operation-oriented activities Transition Data-driven management
Fragmented management Digitalization and Big Unified digital ecosystem
systems Data

Manual processes

High resource consumption,
negative environmental impact

IoT and system
integration

Artificial intelligence
and automation

Autonomous and robotic
technologies

Forecasting and analytics; energy
efficiency and environmental
sustainability

Optimization of logistics and enhancement of operational efficiency

Figure 1. Conditions for the transition from a traditional functional-operational model to an adaptive,
data-driven, and network-based paradigm of seaport management

Source: compiled according to the [4; 7—9].

Ukrainian ports are at different stages of digital
transformation. The implementation of smart techno-
logies is occurring gradually, primarily through indivi-
dual projects or initiatives, including the introduction
of electronic document management, automation of
specific processes, monitoring and telemetry sys-
tems, and digital services for participants in logistics
chains.

The findings indicate that the "Smart Port" concept
does not have a single standardized implementation
model — ports may adopt a wide range of digital
solutions, from partial automation of specific proce-
sses to the creation of fully integrated digital ecosys-
tems.

Transitioning to the analysis of the content of the
outlined practices, we agree with the view of Ki Jun W.,
Lee M.K., and Young Cho J. [6] that the development
of a "Smart Port" requires a shift from a traditional
functional-operational model to an adaptive, data-
driven, and network-integrated port management
model. TFor this purpose, it is necessary to align
technological innovations with strategic objectives,
including reducing cargo handling time, increasing
the transparency and accuracy of management
decisions, and optimizing logistics and energy
efficiency. In essence, the following can be identified
as the key features of the outlined concept [3—05;
9]:

1. Digitalization of port activities through the
implementation of information and communication
technologies, the Internet of Things, big data, and
digital platforms to ensure real-time data collection,
processing, and exchange.

2. Enhanced integration and interconnectivity of
systems, enabling the unification of port infrastructure
elements — from operational processes to mana-
gement levels — into a single information environment
and their synchronization with external logistics
chains.

3. Intellectualization of management, implemen-
ted through the use of analytical tools and artificial
intelligence technologies to support decision-
making, forecasting, and optimization of port
operations.

4. Automation and autonomy of port operations,
namely the application of robotic systems, automated
terminals, and unmanned vehicles to increase produc-
tivity and reduce operational costs.

5. Network integration into global supply chains,
ensuring effective interaction with shipping compa-
nies, transport operators, customs authorities, and
other stakeholders based on digital platforms.

6. Environmental orientation and energy efficiency,
achieved through the implementation of resource moni-
toring and management technologies aimed at reducing
emissions, optimizing energy consumption, and
ensuring sustainable development.

A more detailed description of the conditions for
the transition from a traditional functional-operational
model to an adaptive, data-driven, and network-based
paradigm of seaport management is presented in
Figure 1, which schematically illustrates the inter-
connections between the key components of the Smart
Port concept and the mechanisms of their integration
into a unified ecosystem.

From this perspective, the following have been
identified as the core elements of the Smart Port
concept that determine such a transition: (1) port
digital infrastructure; (2) integrated management
systems; (3) an analytical and intelligent management
core; (4) automated and robotic operational systems;
(5) digital platforms for stakeholder integration; (6)
cybersecurity and data protection systems; and (7)
environmental and energy solutions. The generalized
content and key characteristics of these elements are
systematized in Table 4.

The systematization of the core "Smart Port" elements
(Table 4) allows for the identification of their functional
interactions and the determination of key vectors for
developing an adaptive, integrated, and sustainably
oriented port management model, which include:

— Transition to a data-driven decision-making model
based on digital technologies, Big Data, and analytics;

— Formation of a unified information space and
coordination of operational, logistical, and managerial
processes within the port and with external supply chains;

— Implementation of forecasting, modeling, and
optimization systems based on artificial intelligence;
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Table 4. Characteristics of the content and core elements of the "Smart Port”

Core Smart port General content

Common features of "Smart Port" elements

Intelligent
management core

Al, BI) supporting decision-
making, forecasting, and
optimization of port operations.

element of the "Smart Port" element
Digital port A set of ICT solutions (data o Real-time data processing;
infrastructure transmission networks, 10T, cloud | e Scalability and flexibility of infrastructure;
serviges, digital platforms) o System interoperability;
ensuring uninterrupted data flow | ¢ High throughput of information flows
within the port ecosystem.
Integrated Digital systems (PCS, TOS) o End-to-end process integration;
management coordinating operational, e Synchronization of information flows;
systems logistical, and administrative port | e Operational transparency;
processes. ¢ Reduction of transaction costs
Analytical- A set of analytical tools (Big Data, |  Predictive and proactive management;

e Data-driven decision-making;
o Scenario modeling capabilities;
e Resource optimization

Automated and | Technological solutions

o High level of process automation;

environmental impact

robotic (automated terminals, robotic Increased operational productivity and accuracy;
operational equipment, autonomous transport) | e Reduced operational costs;
systems performing port operations with | e Enhanced occupational safety

minimal human intervention.
Digital Platforms facilitating interaction | ¢ Networked interaction and openness;
stakeholder between the port and supply chain | e Unified information space;
sntegration participants (carriers, customs, e Reduced time for coordination;
platforms logistics operators). o Enhanced transparency and trust
Cybersecurity A set of organizational and e Ensuring data confidentiality, integrity, and availability;
and data technical measures to protect e Resilience to cyber threats;
protection information resources and digital |e Continuous system operation;
systems infrastructure. e Compliance with information security standards
Environmental Technologies and management e Monitoring and optimizing energy consumption;
and energy approaches to improve energy e Reduction of emissions and pollution;
solutions efficiency and reduce the port’s o Integration of renewable energy sources;

e Focus on sustainable development principles

Source: compiled according to the [7—9].

— Enhancement of port process automation and
deployment of robotic and unmanned technologies;

— Development of digital collaboration platforms
ensuring transparent and continuous interaction among
supply chain participants;

— Creation of a secure digital environment for port
operations;

— Focus on reducing environmental impact, opti-
mizing resource consumption, and implementing
sustainable development principles.

CONCLUSIONS

Within the scope of the study, it has been established
that the "Smart Port" concept does not have a single stan-
dardized implementation format, allowing ports to adopt
different levels of digital transformation-from partial
automation of individual processes to the creation of fully
integrated digital ecosystems. It has been demonstrated
that an effective transition from the traditional functional-
operational model to an adaptive, data-driven, and
network-integrated management model requires a close
alignment of technological innovations with the port's
strategic objectives, including reducing cargo handling
time, enhancing the transparency and accuracy of
management decisions, optimizing logistics flows, and
ensuring energy efficiency.

It has been noted that the key characteristics of the
"Smart Port" concept include: digitalization of operations

through ICT, loT, Big Data, and digital platforms; system
integration and interconnectivity within the port;
intelligent management using analytics and Al;
automation and operational autonomy; networked
integration into global supply chains; and environmental
orientation and energy efficiency. Within the framework
of this study, the possibility of building an adaptive and
integrated management model has been highlighted,
focusing on core "Smart Port" elements such as digital
infrastructure, integrated management systems, an
analytical-intelligent management core, automated and
robotic systems, stakeholder interaction platforms,
cybersecurity systems, and environmental and energy
solutions.

Accordingly, the value of this study lies in the sys-
tematic identification of development vectors for an
adaptive port management model that reflects the
comprehensive transformation of port infrastructure and
operations in the context of digitalization, integration, and
sustainable development. Specifically, these vectors
enable the formation of an efficient, transparent, tech-
nologically integrated, and environmentally responsible
port management model, enhancing ports' global
competitiveness and ensuring sustainable infrastructure
development.

The prospects for further research lie in the develop-
ment of standardized models for implementing the "Smart
Port" concept.
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