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Abstract

Maritime infrastructure, including ports, terminals,
harbours, channels, navigational aids, breakwaters, quay
walls, and offshore installations, forms the physical basis
of global trade. Managing these assets efficiently, safely,
and sustainably is increasingly difficult as vessels grow
larger, traffic intensifies, and environmental expectations
rise. The Internet of Things offers a means of addressing
these pressures by connecting sensors, devices, vehicles,
and systems into networks that generate continuous data

on the condition and use of infrastructure. This article
examines the integration of Internet of Things
technologies in  smart maritime infrastructure
management. It describes the architecture and enabling
technologies of connected systems, reviews applications
in port and terminal operations, structural and asset
monitoring, vessel traffic and safety, and energy and
environmental management, and discusses the role of
analytics and digital twins in turning data into decisions.
It also analyses challenges of cybersecurity, privacy,
interoperability, and governance. The study finds that
connected infrastructure can improve efficiency, safety,
and sustainability when data are reliable, systems are
interoperable, and organisations adapt their processes,
but that fragmentation, security risks, and capacity gaps
can undermine benefits. The article concludes with
recommendations for ports and maritime authorities
pursuing digital transformation.
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INTRODUCTION

Ports and maritime infrastructure are the gateways through which the great majority of the world's goods pass. Stopford
emphasises that shipping and ports form an interdependent system in which the efficiency of one affects the other, and
that investments in infrastructure are lumpy, long lived, and exposed to cyclical demand (Stopford, 2009).
Infrastructure managers must therefore make decisions about maintenance, capacity, and operations under uncertainty,
with limited visibility into the real condition of assets and the real flow of activity. The Internet of Things refers to the



Sextante Magazine Vol: 29 No: 01 (2023 )

networked connection of physical objects that are equipped with sensors, processing capability, and communication
links, allowing them to collect and exchange data. Atzori, lera, and Morabito described it as a convergence of visions
centred on the things themselves, the internet oriented middleware, and the semantic knowledge that gives data
meaning, and they noted that its applications cover transport, logistics, healthcare, and smart environments (Atzori et
al., 2010). Maritime infrastructure is a natural setting for such technologies because it involves large physical assets,
many moving parts, harsh conditions, and a need for coordination among numerous actors. Smart maritime
infrastructure management means using connected technologies and data analytics to monitor, control, and optimise the
operation and maintenance of ports, waterways, and related facilities. It promises greater efficiency in cargo handling,
earlier detection of structural problems, improved safety, reduced emissions, and better planning. Yet it also raises
challenges, including the cost of deployment, the security of connected systems, the interoperability of equipment from
different suppliers, and the need for skilled personnel. This article explores how Internet of Things technologies are
being integrated into maritime infrastructure and what determines success. It proceeds through nine thematic sections
covering the concept of smart infrastructure, architecture and enabling technologies, port and terminal operations, asset
monitoring, vessel traffic and safety, energy and environment, analytics and digital twins, cybersecurity and
interoperability, and governance and future directions. A summary and a list of references follow.

Concept of Smart Maritime Infrastructure:

Smart maritime infrastructure combines physical assets with digital layers of sensing, communication, computation,
and control. In a traditional port, information about the condition of a quay wall may come from periodic inspections,
information about equipment from maintenance logs, and information about cargo flows from manual records. In a
smart port, these elements are continuously monitored, data are integrated across systems, and decisions are supported
by analytics. Several characteristics define smart infrastructure. It is instrumented, meaning that sensors measure
relevant conditions and activity. It is interconnected, meaning that devices and systems communicate and share data. It
is intelligent, meaning that data are analysed to detect patterns, predict events, and recommend actions. And it is
adaptive, meaning that operations and maintenance respond dynamically to changing conditions rather than following
fixed schedules alone. The concept extends beyond ports to include navigation channels, locks, bridges, offshore wind
farms, oil and gas platforms, undersea cables, and coastal protection. Each of these assets faces exposure to waves,
corrosion, sedimentation, and heavy loading. The ability to monitor and manage them remotely and continuously is
especially valuable where physical access is difficult or hazardous. Lam and Notteboom, in their comparison of port
management tools in Asia and Europe, found that leading ports adopt a wide range of instruments for environmental
and operational management, and that information and monitoring capabilities underpin many of them (Lam and
Notteboom, 2014). Smart infrastructure builds upon this foundation by making information richer, timelier, and more
widely shared. The shift is from periodic and reactive management to continuous and anticipatory management.
Internet of Things Architecture and Enabling Technologies:

Gubbi and colleagues described the architectural elements of the Internet of Things as a layered structure comprising
sensing, networking, data processing, and application components, supported by cloud computing to provide storage,
analytics, and visualisation at scale (Gubbi et al., 2013). In maritime settings, the sensing layer includes devices such as
strain gauges, tilt meters, corrosion sensors, level and flow meters, weather stations, cameras, radio frequency
identification tags, and equipment telemetry. Communication technologies link these devices to networks. Short range
protocols connect sensors within a terminal, while long range low power wide area networks serve distributed assets
such as navigation buoys and remote structures. Cellular networks, including fifth generation systems, provide high
bandwidth and low latency for applications such as remote control of cranes and autonomous vehicles. Satellite links
connect offshore installations and vessels beyond terrestrial coverage. Al-Fugaha and colleagues surveyed the enabling
technologies, protocols, and applications of the Internet of Things and highlighted the diversity of communication
standards and the challenge of integrating them (Al-Fugaha et al., 2015). Processing occurs at several levels. Edge
computing performs analysis close to the source, which reduces latency and bandwidth demand and allows rapid local
responses. Cloud platforms aggregate data from many sources, enabling large scale analytics and long term storage.
Middleware and data platforms provide the integration layer that standardises data formats, manages devices, and
exposes interfaces to applications. Industrial adaptations of these concepts are particularly relevant. Boyes and
colleagues proposed an analysis framework for the industrial Internet of Things, emphasising that industrial settings
require reliability, safety, and real time performance beyond those demanded by consumer applications (Boyes et al.,
2018). Maritime infrastructure shares these requirements, as failure of connected systems may disrupt operations or
endanger people. Power supply, ruggedisation against salt and moisture, and long service life are additional
considerations for devices placed in marine environments.

Smart Ports and Terminal Operations:

Ports have been among the earliest and most prominent adopters of Internet of Things technologies. Yang and
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colleagues reviewed the use of the Internet of Things for smart ports and described applications in cargo tracking,
equipment monitoring, yard management, and the coordination of port services, while noting challenges relating to the
harsh environment, the diversity of equipment, and the integration of systems (Yang et al., 2018). These applications
aim to increase throughput, reduce waiting times, and improve safety. In container terminals, tags and sensors identify
and track containers through gates, yards, and vessels. Equipment such as quay cranes, yard cranes, straddle carriers,
and automated vehicles is equipped with telemetry that reports location, status, and performance. Real time data allow
terminal operating systems to optimise stacking, schedule equipment, and allocate berths. Automated guidance and
remote operation reduce dependence on manual control and improve consistency.Gate and landside operations also
benefit. Optical character recognition, truck tracking, and appointment systems reduce congestion and queuing, while
information sharing with trucking companies and rail operators improves hinterland connectivity. In bulk and liquid
terminals, flow meters, level sensors, and leak detectors support safe and accurate loading and unloading. Berth
planning and vessel arrival management are improved by data on vessel schedules, tides, and terminal readiness. Just in
time arrival, in which ships adjust their speed to arrive when a berth is available, reduces waiting at anchor and
associated fuel use and emissions. The figure below presents an illustrative comparison of port performance indicators
at different levels of sensor coverage and connectivity, expressed on standardised indices. The values are stylised to
show direction and should not be read as measured data.

Condition Monitoring of Maritime Structures and Assets:

Maritime structures such as quay walls, jetties, breakwaters, bridges, and lock gates are subject to harsh conditions.
Waves, currents, tides, ship impacts, corrosion, and settlement gradually degrade them, and failures can be costly and
dangerous. Traditional inspection relies on periodic visual surveys and occasional diving or surveying, which may miss
developing problems between visits. Internet of Things sensors allow continuous monitoring. Strain gauges and
accelerometers measure loads and vibration, tilt and displacement sensors detect movement, corrosion sensors track the
progress of deterioration in steel and reinforced concrete, and water level and wave sensors record environmental
loading. Underwater sensors and acoustic devices monitor scour around foundations and the state of submerged
elements. Data are transmitted to analysis platforms, where deviations from expected behaviour trigger alerts. The
general principle of condition based maintenance, in which maintenance decisions are based on information gathered
through monitoring rather than fixed schedules, applies directly. Lee, Bagheri, and Kao described cyber physical
systems architectures in which connected machines and sensors form the basis of intelligent maintenance and asset self
awareness (Lee et al., 2015). Applied to maritime infrastructure, these ideas support a shift from time based inspection
to risk and condition based management. Mobile and heavy equipment is also covered. Cranes, conveyors, pumps, and
vehicles can be monitored for vibration, temperature, and power consumption, enabling predictive maintenance that
reduces breakdowns. Drones and underwater robots provide supplementary inspection. The combination of fixed
sensors and mobile inspection offers a rich picture of asset health, provided that data are integrated and interpreted with
engineering expertise.

Vessel Traffic, Navigation, and Safety Applications:

Connected infrastructure contributes to safe navigation in port approaches and channels. Shore based sensors, including
radar, cameras, and receivers for the automatic identification system, feed vessel traffic services with a continuous
picture of movements. Perera, Oliveira, and Guedes Soares showed how vessel detection, tracking, state estimation, and
trajectory prediction can be combined to monitor maritime traffic and anticipate conflicts, illustrating the value of
integrated sensing and analytics for traffic management (Perera et al., 2012). Hydrographic and meteorological sensors
add to safety. Real time measurements of water level, current, wave height, wind, and visibility allow pilots and masters
to judge under keel clearance and manoeuvring conditions, and they support decisions on when large vessels can safely
enter or leave. Smart buoys and aids to navigation can report their own status and position, alerting authorities if they
are displaced or malfunction, which reduces reliance on periodic physical checks. Safety within terminals is also
enhanced. Wearable devices and tags can track personnel and warn of proximity to moving equipment, while gas
detectors, fire sensors, and automated alarms improve emergency response. Cameras with video analytics can detect
unsafe behaviour, unauthorised access, or spills. Integration of these inputs into a control room provides operators with
situational awareness of the whole facility. Looking beyond the port, information sharing between port systems and
vessels, using standard messaging, supports coordinated arrival, pilotage, and port call optimisation. Such connectivity
reduces the risk of congestion and conflict in busy waters. The effectiveness of these applications depends on the
quality of data, the reliability of communications, and the readiness of operators to act on alerts rather than becoming
overwhelmed by them.

Energy, Environment, and Sustainability Management:

Ports and maritime facilities are significant consumers of energy and sources of emissions, noise, and waste. Internet of
Things technologies allow detailed measurement and management of these impacts. Smart meters and sensors track
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electricity use by cranes, reefer containers, lighting, and buildings, enabling operators to identify waste and shift loads
to times of lower cost or greater renewable supply. Smart grids and microgrids in ports integrate solar and wind
generation, storage, and shore power for vessels. Environmental monitoring uses sensors to measure air quality, water
quality, noise, and emissions. Real time data on particulate matter, sulphur and nitrogen compounds, and noise levels
help ports demonstrate compliance, respond to community concerns, and target mitigation. Water sensors detect
pollution events and monitor the condition of harbour waters. Lam and Notteboom noted that environmental monitoring
and incentive schemes are central to port greening strategies, and that information systems enable ports to reward
cleaner ships and operations (Lam and Notteboom, 2014). Shore power connections can be monitored and managed
digitally, ensuring that ships at berth draw electricity from the grid rather than running auxiliary engines. Intelligent
scheduling of equipment reduces idling and unnecessary movement. Electrification of cargo handling equipment,
supported by charging management systems, further reduces emissions at the source. Sustainability extends to
resilience against climate change. Sensors that monitor sea level, storm surge, and flooding provide early warning and
inform adaptation of infrastructure. Data on the performance of coastal protection works support maintenance and
investment decisions. By integrating environmental and operational data, smart management can align efficiency goals
with environmental responsibilities.

Data Analytics, Digital Twins, and Decision Support:

The value of connected infrastructure lies not in data alone but in decisions improved by analysis. Analytics range from
descriptive dashboards that show current conditions, through diagnostic tools that explain causes, to predictive and
prescriptive tools that forecast events and recommend actions. Machine learning can detect anomalies in sensor
streams, predict equipment failures, forecast vessel arrivals and cargo volumes, and optimise resource allocation.
Digital twins provide an integrated framework. Tao and colleagues reviewed digital twin applications in industry and
described how virtual models, fed by real time data, support monitoring, simulation, prediction, and optimisation of
physical systems (Tao et al., 2019). For a port, a digital twin might replicate the layout, equipment, traffic, and
environmental conditions of the facility, allowing managers to test changes, such as new berth allocation rules or the
effect of an equipment outage, before implementing them. For structures, a twin may combine sensor data with
structural models to estimate remaining life and plan interventions. Decision support systems present insights to human
managers in usable form. Good design emphasises clarity, prioritisation, and the ability to drill down to underlying
data. Alerts should be tuned to avoid overload, and recommendations should be explained so that operators can judge
them. Stopford's observation that port and shipping decisions involve complex trade-offs among cost, time, and
capacity suggests that decision tools should support rather than replace managerial judgement (Stopford, 2009). Data
platforms underpin analytics. They must handle diverse data types, ensure quality, manage access, and support
integration with legacy systems. Governance arrangements define who owns data, who may use it, and how its quality
is maintained. Without such foundations, analytics risk producing unreliable results or being used inconsistently across
the organisation.

Cybersecurity, Privacy, and Interoperability Challenges:

Connecting infrastructure to networks increases exposure to cyber threats. Svilicic and colleagues demonstrated that
maritime systems can contain vulnerabilities associated with weak authentication, default settings, and insufficient
segregation, and their findings apply to port and infrastructure systems that rely on similar technologies (Svilicic et al.,
2019). Compromise of crane controls, terminal operating systems, or navigational aids could disrupt operations and
endanger safety, and attacks on suppliers or communications can have cascading effects. Sicari and colleagues surveyed
security, privacy, and trust in the Internet of Things and identified challenges including authentication of devices,
confidentiality and integrity of data, access control, and the difficulty of securing resource constrained devices (Sicari et
al., 2015). Many sensors have limited processing power and long lifetimes, which makes updating and protecting them
difficult. Security must be built into design, procurement, and operation, including network segmentation, encryption,
monitoring, and incident response plans. Privacy concerns arise where data involve individuals, such as workers, truck
drivers, and crew. Systems should collect only necessary data, protect it appropriately, and comply with relevant laws.
Commercial confidentiality also matters, since shipping lines and terminals may be reluctant to share operational data
that reveal competitive information. Interoperability is a further challenge. Equipment from different manufacturers
uses different protocols and data formats, and legacy systems may not connect easily to modern platforms. Al-Fugaha
and colleagues highlighted the proliferation of standards and the need for harmonisation (Al-Fugaha et al., 2015). Open
standards, common data models, and well defined interfaces reduce lock in and make integration feasible. Procurement
specifications should require interoperability and secure design from the outset.

Policy, Governance, and Future Directions:

Successful integration requires governance as well as technology. Port authorities and infrastructure owners should
develop digital strategies that link investments in sensors and platforms to clear objectives such as safety, efficiency,
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and sustainability. They should establish data governance frameworks defining ownership, quality standards, sharing
rules, and security responsibilities. Cooperation among stakeholders, including terminal operators, shipping lines,
customs, pilots, and hinterland transport providers, is essential, since benefits often depend on shared data. Capacity
building matters. Smart infrastructure requires staff with skills in data science, network engineering, cybersecurity, and
systems integration, in addition to traditional engineering. Ports in developing economies may need assistance with
financing and training, and international cooperation can help spread good practice. Standardisation efforts by
international bodies and industry groups can reduce fragmentation and lower costs. Several technological trends will
shape the future. Greater use of artificial intelligence, autonomous vehicles and vessels, and robotics will deepen
automation. Advances in low power sensors and energy harvesting will enable wider and cheaper deployment. Fifth
and sixth generation communications will improve connectivity, and satellite constellations will extend coverage to
remote assets. Digital twins will become more detailed and linked across ports and supply chains, enabling coordinated
optimisation. Regulatory and ethical issues will also evolve, including requirements for cyber resilience, data
protection, and the treatment of critical infrastructure. Research should evaluate the measurable returns of smart
infrastructure investments, develop robust security models for large networks of constrained devices, and study how
data sharing can be encouraged while protecting commercial and national interests. The central lesson is that
technology delivers value when it is integrated with sound governance, skilled people, and clear objectives.

Wider sensor coverage lifts berth productivity and cuts turnaround

Mustrative Indices: vessal turnaraund time at low coverage st 1o 300

Vessel turnaround time 100

Summary:

This article has examined the integration of Internet of Things technologies in smart maritime infrastructure
management. Connected sensors, networks, and analytics allow ports and maritime facilities to monitor assets
continuously, optimise operations, improve safety, and manage energy and environmental impacts. Applications span
terminal operations, structural monitoring, vessel traffic and navigation, and sustainability, and digital twins and
decision support systems help translate data into action. Challenges include cybersecurity vulnerabilities, privacy,
interoperability among diverse systems, data quality, and the need for skills and governance. Infrastructure owners that
adopt clear digital strategies, insist on open and secure designs, build capacity, and cooperate across the supply chain
are best placed to realise efficiency, safety, and sustainability gains. Smart maritime infrastructure is thus as much an
organisational transformation as a technological one.
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