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Abstract: The increasingly stringent requirements—in terms of limiting pollutants and the constant
need to make maritime transport safer—generated the necessity to foresee different solutions that are
original. According to the European Maritime Safety Agency, the total number of reported marine
casualties and incidents is 21.173 over the period 2014–2021, with a yearly average of 2.647 casualties
and incidents. According to the same source, 495 cases of pollution were reported in the period
from 2014 to 2021. Marine pollution by ships’ fuel and other pollutants is linked to 64.2% of all
pollution. It is mandatory to offer a new kind of ship that can exploit new technologies to increase
safety for people and onboard goods. It has been found that existing marine structures for maritime
mobility do not have essential sensors for avoiding emergency situations such as flooding, oil spills,
or health situations requiring efficient monitoring. In addition, there is a lack of legislation defining
the insertion of unmanned vehicles into the actual marine infrastructure. This review highlighted the
strengths and weaknesses of sensors in the maritime sector, intensifying areas of improvement for
future challenges, such as sensor energy efficiency, data processing, sensor fusion methodologies,
and accurate sea state description with environmental monitoring by means of unmanned vehicles.

Keywords: offshore structures; navigation safety; structural health monitoring; water and air
pollution monitoring; green ships

1. Introduction

Shipping is responsible for 11 billion tons of annually delivered goods (Trade and
Development, 2021). According to (United Nations Conference on Trade and Development)
UNCTAD, a growth of container ships was recorded during the last year in several regions:
5.6% in Africa, 3% in Latin America and the Caribbean, and 3% in Asia, the most crowed
area in the world for container ships. The greenhouse emissions from the world shipping
sector are going in the wrong direction because there was an emission increase of 4.7%,
according to data collected during 2020–2021 (UNCTAD), which is mainly coming from the
following ship categories: container ships, dry bulk carriers, and general cargo vessels. Ship
collisions are still significant in several specific categories and contribute to the majority of
sea accidents [1]. According to the same source, groundings and fires are the most common
critical events for ships. General cargo ships, tugs, and oil tankers are the most frequent
categories involved in sea accidents [2]. There is an obvious need to underline mitigation
actions for increasing onboard security. Maritime transport contributes significantly to air
pollution along shipping routes and next to the ports, increasing the risk of health issues [3].
Nowadays, the average life of a ship is nearly 22 years, and shipowners usually choose to
keep their ships active rather than decommissioning them. This is due to the uncertainty of
the future in relation to the last significant changes that affected the world in recent years.
The pandemic period changed a lot of static paradigms and visions about several aspects of
the actual world, such as the coming era of renewable energies with interlinked limitations
involving the utilization of the classical fossil fuels, the spread of new digitalization process
that involves innovative usage of machine learning, and convolutional neural networks. All
these events raised doubts among shipowners, but, at the same time, this was a beginning
for future innovations and changes in the marine world. Currently, innovative sensors
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could be a solution for helping ships to be safer and more eco-sustainable. Environmental
monitoring is essential for detecting anomalies in air or water condition parameters [4].
The spread of the Internet of things (IoT) could be a path to follow in order to create a
more efficient environment for the working sensors [5]. Sensors give the industry the
chance to improve the capacity of controlling events that are linked to the common usage of
ships. This review puts forward several sensor applications in order to point out strengths
and weaknesses, focusing on areas of improvement such as efficiency issues linked to
harsh environmental applications. It is very common to observe sensors employed for
submarine applications where battery range is the primary problem. The development
of self-powered sensors might be interesting for autonomous underwater vehicle (AUV)
missions. More sophisticated sensors could help AUVs solve actual orientation problems in
the depths of the abyss where technologies such as GNSS are not available. In addition, the
evolution of sensor technologies could support the spread of autonomous vehicles, which
needs more attention when integrating them with traditional existing ships to avoid work
conflicts. It is mandatory that legislation follows the spread of unmanned vehicles into the
maritime sector in order to avoid mismatching situations with human-manned vehicles.
The advantage of employing AUVs to obtain data about water and air quality is possibly
very significant for continuously simplifying human activities. AUVs are systems that
exploit sensors to operate in forbidden places for humans, and they need improvements
in terms of energy efficiency and underwater orientation. Different from other reviews
existing in the scientific literature that just focused on specific topics [6–9], the novelty here
is that this review sees sensors by means of a holistic approach, which explores multiple
applications in the maritime sector. This illustrates the fact that it is necessary to know the
possible interactions between sensors of different maritime structures (marine vehicles and
offshore structures) in order to generate and transmit effectively a huge amount of data,
detected by several sensors, to a digital architecture for further post-processing analyses.

Aim of the Paper

The aim of this review is to offer a scenario involving sensors in several fields of
maritime applications (maritime vehicles and offshore structures) in order to point out
their possible synergies and weaknesses with other architectures. This review lays the
foundations for the next era of sea digitalization, which is required in order to increase
maritime safety and pollution reduction. For example, the recent updates into the European
guidelines 2023/2776 of 12 October 2023, concerning the emission monitoring of greenhouse
effects relating to the maritime transportation sector, sets the requirement of every ship
docking into the UE ports to be fully monitored according to emissions issues. In order to
accomplish this task, it is mandatory that ships/ports develop proper monitoring systems to
take into account actual emissions situations in real-time. In this case, knowing the sensors’
possible interactions with other environments is essential to developing future embedded
systems. Knowing the actual state of development is also essential to conducting proper
research to overcome actual sensor technology limits. If overcome, this will guarantee an
innovative future in the digitalization of the sea.

2. Methodology

The methodology applied for performing this work was based on detailed research
on Google Scholar. The conducted research gave priority to recent articles (5 years), but
at the same time, it reported some older articles for giving a description of the sensor’s
background in some fields. All cited articles have been found by means of keywords
indicated in the keywords section, adding the word sensors in front of them. Nearly
30% of the found articles have not been considered for lacking technical information or
subject mismatching. It is relevant to point out that in the last 11 years, more articles
concerning sensors in the maritime sector have been published than in the period from
1971 to 2013. This trend shows an increasing interest in the subjects analyzed in this review,
such as remote sensing, marine environment monitoring, autonomous underwater vehicles,
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underwater acoustics, and sensor networks. Figure 1 shows the contribution of different
countries in terms of scientific papers on the topic of sensors for maritime applications.
This analysis is based on the Scopus database. It is possible to observe a relevant influence
of the United States and China, which are the countries with the highest gross domestic
product (GDP), on this topic, which is strategic for shipping.
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Figure 1. Scientific contribution of different countries to the topic of sensors for maritime applications
in the last 40 years.

Another possible hypothesis could link the proximity of first-position nations to the
sea. The most widespread sensor applications in the maritime field are shown in the
Figure 2. According to the NOAA Office of Ocean Exploration and Research, the ocean
covers nearly 70% of Earth’s surface, and the majority is unknown. This could explain
why there is a great interest in the development of sensors for Oceanography. The harsh
nature of the ocean could be an interesting habitat to test, in an extreme way, structures
for other kinds of applications. For example, this vision is shared by Saga Architects, who
think of the ocean as an environment for testing structures for aerospace purposes. In some
circumstances, astronauts could benefit from training procedures in specific underwater
assembled habitats before going to space.
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3. Sensor Applications for Structural Health Monitoring of Marine Structures

The sensors have been applied in the shipping industry for 50 years, but in their
first years of application, their purpose was just to analyze problems related to the ship’s
structure rather than improve and discover new methods for structural monitoring systems.
However, there are some exceptions that are about studies on sensor development for the
shipping sector. A monitoring system was equipped on a high-speed catamaran to analyze
its mechanical response in the marine environment [10]. The catamaran owns wireless and
fiber optic sensors for strain monitoring. Several wireless sensors were installed onboard
with some tri-axial accelerometers. An application like the previous one shows the fact
that wireless sensor solutions could be useful in cases where the positioning of onboard
devices is hard. For example, wireless sensors might be a possibility for military ships
with complex structures. Future investigation must be conducted on wireless sensors in
order to study the long-term effects of heat and vibration during a ship’s activity and
on the quality of the wireless signal. Another notable application on military ships is
shown in [11], which is equipped with a network of fiber-optic sensors for structural
monitoring of an RV Triton vessel during trials in severe sea states. The vessel hosted
35 temperature-compensated fiber-optic strain sensors for measuring the still water and
the slamming loads. The vessel was also equipped with a control unit that was used to
collect data about wind velocity, wave height and direction, engine parameters, and data
from 200 local strain gauges. The study shows the effectiveness of Bragg grating fiber optic
strain gauges for monitoring ships. Another research [12] explained how ship structural
data harvesting by means of accelerometers and strain gauges is crucial to establishing
essential parameters for preventing faults and describing future actions for maintenance.
In addition to failure procedures, their feasibility, and consequences, further analyses
using the appropriate sensors might be applied to prevent corrosion, crack initiation,
and propagation in various ship parts. A recent study by [13] involved insights into
experimental tests of ingenious tourist submarines. A new type of exo-structure, which
was orthogonally exposed to the flow, was equipped on a submarine for tourist activities.
The onboard sensors are crucial in making considerations about the needed power and the
relative thrust. The application of fiber optic sensors with a focus on Bragg grating strain
sensors to a composite hull of the Skjold class Fast Patrol Boat is reported in the study [14],
which points out evidence of the strength of this type of strain sensors to very common
events of the marine environment, such as corrosion and electromagnetic fields. Another
key point in sensor applications is not only finding the right place to position sensors but
also identifying the appropriate strategies for processing data. The main goal is always
to forecast critical situations that can lead the hull to uncomfortable events. Processed
data from structural health monitoring (SHM) sensors might be used in the first part of
the vessel’s activities for monitoring the hull and confirming the design. With the usage
of the hull and the connected components, the monitoring system is essential to estimate
the fatigue life and for planning the maintenance operations. A crucial application is also
monitoring and eventually verifying stress distribution when ships operate in harbors
under static conditions. The online data monitoring could identify loads and the hull’s
response during sea trials. Data recorded may be used in comparison with Finite Element
Analysis (FEA) to validate the numerical models.

Nowadays, a general methodology for damage detection has not been developed.
Damage identification by means of vibration-based technologies is an interesting technique
that could cooperate with a distributed fiber optic strain-sensor system. The main problem
linked to the application of Fiber Bragg gratings is choosing the appropriate methodol-
ogy for being aware of the Bragg wavelength for the chosen sensors. There are several
procedures for accomplishing this task, such as scanning fiber filters, unbalanced fibred
interferometers in combination with wavelength division multiplexers, wavelength-swept
lasers, and CCD arrays combined with some dispersive elements. Bragg gratings strain
sensors are suitable for several applications for hull monitoring, especially as they do not
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remove noise from the raw data. Table 1 shows the main applications of sensors for SHM.
Figure 3 shows the most commonly used sensors in the SHM of ships.

Table 1. Applications for SHM sensors.

Aim of the Study Analysis Technique References

Monitoring fast Patrol boat Bragg grating sensors [15]

Mitigating post-processing troubles after
strain measurements

Carbon nanotube polymer
strain sensor [16]

Evaluating multidirectional strain properties Carbon nanotube sensors [17]

SHM of nonconductive composites Carbon nanotube sensors [18]

SHM of HSV-2 Swift catamaran Strain gages [19]

SHM of HNOMS Otra Vessel Strain and temperature sensors [20]

Infinite Finite Element Method (iFEM) applications Fiber Bragg Sensors [21,22]

Health monitoring of materials and joints Thermography [23–26]

Health monitoring of composite joints Fiber Bragg Sensors [27]

Health monitoring of full-scale bi-material joint Acoustic emission [28]
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Another technique used in structural health monitoring of ship structures is acoustic
emission (AE) technology [19], which is a valid technique to guarantee general control
of structures for crack detections and damage evolution. An application of AE for strain
monitoring on a structural element of the USCGC BERTHOLF, the first Legend-class
maritime security cutter of the United States Coast Guard, is shown in [29]. Offshore
structures cover a wide range of applications for drilling and mining operations in a
harsh environment like the ocean. An offshore structure has several crucial aspects that
distinguish it from other types of structures: it is constantly subjected to different types of
conditions coming from the environment (mechanical loads, corrosion, vibrations). The
most common types of offshore structures are the Tension Leg Platform (TLP), jacket
and jack-up, and gravity style offshore. The most common loads on offshore structures
are wave loads that depend on structures’ geometries and wind loads. Wind loads are
usually evaluated in offshore structures using land-based models. To guarantee safety
on this type of structure is crucial for the development of an SHM system for real-time
monitoring and damage detection. The sensors play an important role in guaranteeing
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data according to sea-state conditions, structural motions, and operation status. The first
full-scale measurement system for offshore platforms was adopted by the BTM company in
1987 [9], then, several projects have been developed to monitor offshore structures with the
main goal of verifying the design and providing a set of data for further research. Table 2
shows an overall view of notable applications of SHM applied to offshore structures.

Table 2. Applications of SHM sensors applied to offshore structures.

Aim of the Study Analysis Technique References

Waves interactions with offshore structures Wave buoy [30]

Measuring waves properties X-band radar [31]

Monitoring wind turbine support structure (tripod) Fiber Bragg grating sensors [32]

Monitoring TLP (tension-leg-platform) of floating offshore
wind turbines

Inclinometers
Bi-axial sensors and top tension meters [33]

Ropes monitoring for offshore structures Polymer Fiber Optics [34]

Mooring lines monitoring In-line load cells, inclinometers, strain gauges [35]

Structural Health Monitoring of Tendons in a Multibody
Floating Offshore Wind Turbine Accelerometers [36]

Measuring tension of mooring lines of a moored platform
in waves Optical sensors [37]

Recording the geometry varieties of multi-component
mooring lines Water depth inclination sensor [38]

Table 3 shows an overall view of notable applications of sensors for waves investigation
into offshore structures. Other researchers used different SHM methods for damage
detection in offshore structures: a modal strain energy method [39] and the bicoherence
function of measured structural acceleration [40]. Surprisingly, the effects of full-scale
measurements have not been closely examined. A new method was proposed in [41] for
detecting damage on a floating structure using a sensor network and correlation coefficients,
which are useful to investigate the structure’s condition during its lifetime. This method
uses a sensor network for monitoring responses coming from a previous study [42] and
offers a new method for data organization and manipulation with data post-processing.

Table 3. Common sensors for waves investigation applied into offshore structures [9].

Analysis Technique Field of Application Technical Features Costs

Wave buoy
Weight height
Weight period

Weight direction

−20–20 m
1.5–33 s
0–360◦

Deployment 30,000 $
Maintenance
170,000 $ per year
Repair 25,000 $

X-band Radar
Weight height
Weight period

Weight direction

0.5–20 m
3.5–40 s
0–360◦

Up to $900 million

Air Gap Sensor Weight height
Weight period

0–60 m
0–20 s -

4. Sensor Application for Vibration and Noise Measurement of Ships

In this new era of smart ships, it is crucial to enhance the managing properties of
mechanical equipment such as main engines, air compressors, and diesel generators. The
working parameters, like vibration and sound, are essential to guarantee onboard comfort.
In the literature, there are several methods based on vibrational signals for machinery
fault feature extraction [43]. A way to measure underwater noise using only onboard
sensors is shown in [44]. Data collected in the study could help the design phase of
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new ships for predicting underwater noise during this early-stage condition. Another
study [45] presents how boat noise can influence marine habitats according to different
engine types, highlighting how human noises could mask communication in organisms
and cause orientation confusion. The ports can act to decrease underwater noise coming
from ships, as shown in [46], which offers a series of actions to achieve this important goal.
A self-powered vibration sensor based on a bouncing-ball triboelectric nanogenerator (BB-
TENG) was proposed in [47]. The great advantage of this sensor type is that it can convert
vibration energy into electricity and can supply a further temperature sensor. A prominent
study [48] based on making diagnoses of machinery analyzed the validity of psychoacoustic
metrics as a tool for recognizing mechanical failures. Another interesting study [49] on
vibration monitoring in the shipping industry is the vibration assessment monitoring point
with the integrated recovery of energy (VAMPIRE) prototype. A wireless, self-powered
accelerometer was developed that could measure vibrations in United States Navy (USN)
and United States Coast Guard Cutter (USCGC) ships. This new type of accelerometer is a
self-powered device that exploits a transformer that works with the energy coming from
the magnetic fields of an electromechanical load. A new type of magnetostrictive sensor,
which exploits patch deformation by shaft torsional vibration into electric voltage output,
was proposed in [50], where this system was applied to an LPG carrier. A comparison with
a standard strain gauge with a telemetry system can be made by analyzing the following
work about vibration measurement on a ship’s shafts [51]. Figure 4 shows the traditional
strain gauge system with the employed battery and a receiving antenna, which is fixed and
can detect the signal by means of wireless communication.
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The main innovation of the previous study is implementing a magneto strictive
torsional vibration sensor (MTVSs) that could be mounted on rotating shafts without a
battery and without shaft interruptions, as shown in Figure 5 After the testing phase, it is
important to point out that the MTVS system has sufficient sensitivity to measure torsional
vibration information in shafts.

An innovative use of vibration sensors is linked to the ice type and thickness identifi-
cation methods [52]. Ice type and thickness classification was a task always accomplished
by synthetic aperture radar (SAR) images; a new methodology was proposed [52] for iden-
tifying several types of ice with the linked thickness using accelerometers and gyroscopes
working with two cameras from the ice image recognition system (SIIRS). Vibration sensors
are installed in the bow of an icebreaker ship in six different locations. Each sensor owns an
(inertial measurement unit) IMU module with an accelerometer and a triaxial gyroscope.
A wireless communication module with a Lora low-power SX1268 chip is used in order
to send data from sensors to the gateway. All collected data have been implemented on a
machine learning algorithm to recognize the ice type and its thickness.
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5. Sensor Application for Environmental Measurements

The shipping sector’s emissions have a central role in the global pollution scene. The
most common pollutants coming from ship’s plumes are particulate PM2.5, sulphur oxides
SOx, and nitrogen oxides (NOx) [53,54]. Sulfur oxides contribute to the acidification of the
ground and the marine environment, in addition to leading to premature death [55]. For
the previous reasons, the International Maritime Organization updated new regulations
on ship emissions to force the development of recent applications of low-carbon marine
fuels. Suddenly, it is crucial that a proper emissions monitoring system is ready for the new
upcoming changes.

In this paragraph, several ways to monitor ship emissions will be presented, from
UAV to airborne monitoring systems and other applications for water pollution monitoring.
Regarding evidence of a multi-sensor network application for water monitoring, the fol-
lowing essay discusses remotely controlled boats for water quality [56]. The boat (Figure 6),
which was realized on a frame structure utilizing PVC pipes, is equipped with several
probes that are able to measure several water properties, such as electrical conductivity, pH,
total dissolved solids, and temperature of the water tested. GPS is mounted on the boat and
gives the chance to control the position of the boat and, consequently, the area to analyze.
An ultrasonic sensor (HCSR-04) is used in order to detect objects. Water temperatures
are measured with a waterproof temperature sensor. The boat is also equipped with a
conductivity sensor and pH sensor.
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Regarding air quality monitoring, it is essential to point out a recent study [57] that
assesses shipping emissions near the Melbourne cruise ship terminal. Some researchers
deployed seven units of KOALA air quality monitor sensors capable of measuring PM
and CO concentrations in real-time, transmitting this data to a cloud database. During
the measurement period (98 days), the team detected information about PM pollutants
from nearly 3000 ships’ arrivals/departures from Beacon Cove (Melbourne). The effects of
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disease causes that are linked to long-term PM emissions are known. Instead, there could
be interesting short-term effects of emissions in an urban area. The residential areas are the
most interesting parts regarding ship’s pollution. Due to this, in recent years, the coastal
areas have been controlled in order to check air quality parameters periodically. A study [54]
proposed a three-dimensional eulerian method for simulating atmospheric transport and
transformation of pollutants in the North Sea region. This study demonstrated that in the
northern part of Germany, Denmark, and southern Sweden, the sulfate concentration may
be increased by 50%, caused by burning sulfur-rich bunker oil in ship engines. Sensors play
a crucial role in detecting real-time data for managing phenomena like this and mitigating
possible spikes of concentrations that are harmful to health. Another study [58] proposed
a paradigm for constructing a ship emission monitoring sensor web (SEMSW). The goal
of the previous research is to develop a feasible model to give satisfying answers to new
regulations of maritime institutions and shipping companies in terms of emissions. In order
to have a global and accurate vision of the emissions of a control area, it is necessary to build
solid monitoring platforms. In this case, sensors play a crucial role in the development
of this type of technology. There are several types of sensors (Figure 7) involved in this
application: airborne sensors, ocean sensors, land sensors, and satellite sensors. This system
has great possibilities to collaborate with existing physical and web-based infrastructures.
The cited system might be able to recognize ships that are not compliant with standards,
sending them alerts to make mitigation actions. The area analyzed will have some platform
for monitoring emissions that can communicate with an onshore server in real time for
post-processing analyses.
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Table 4. Common applications for environmental sensors.

Aim of the Study Analysis Technique References

Detection of catalytic fines into fuel oil Low-field nuclear magnetic resonance
(NMR) sensor [59]

Monitoring ship’s emissions by means of UAV Mini-sniffing sensor [60]

Airborne and in situ shipping emissions monitoring SO2 and CO2
sensor [61,62]

Van-based laboratory for static measurement of
shipping emissions

CO, CO2, SO2, NO, NO2
sensor [63]

Single particle mass spectrometry for long-distance
monitoring from the coast Sniffing sensors [64]

Marine environmental monitoring by means of UAVs, USVs
(Unmanned surface vehicles), USs (Underwater Gliders),

UGs (Underwater Gliders)

RGB Cameras, Multispectral, and
Hyperspectral sensors [65]

Tables 5–7 show some technical features of common environmental sensors coming
from [63–65].

Table 5. Technical specifications of UAV sensors for maritime applications.

Analysis Technique Field of Application Range of Application

RGB Fluid flow tracking, aerial
photogrammetry 400–700 nm

LiDAR Terrain mapping, erosion studies 905 nm

Hyperspectral Water quality, classification studies 900–1700 nm

Multispectral Vegetation mapping, water quality 400–700 nm, 655 nm
725 nm, 800 nm

Table 6. Example of sensor applications for air monitoring.

Analysis Technique Field of Application Technical Features

APNA 360 Horiba NO, NO2, NOx measurements
Measuring range:

0–1000 ppb
Detection Threshold: 0.5 ppb

CO12M Environment S.A. CO measurements Measuring range:
0–50 ppm

Thermo Environmental
Instruments, model 43 C SO2 measurements Measuring ranges:

From 0–0.5 to 100 ppm

VA 3100, Horiba CO2 measurements Measuring range:
0–100 ppm

HMP45A Vaisala
Pt 1000 IEC 751 1/3 Class B

Environmental temperature
measurement

Measurement range:
−40 ÷ 60 ◦C

CUBIC
Laser Particle Sensor

PM2012SE-A/PM2012SE-B

Detecting particle concentration size
between 0.3 and 10 µm in the air and
real-time output PM1.0, PM2.5, PM10
in µg/m3 directly via mathematical
algorithm and scientific calibration.

Measurement particle
0.3–10 µm

Measurement range
0~5000 µg/m3

Accuracy
PM1.0/PM2.5: 0~100 µg/m3, ±10 µg/m3;
101 µg/m3~500 µg/m3, ±10% of reading

PM10: 0~100 µg/m3, ±25 µg/m3;
101~500 µg/m3, ±25% of reading
(GRIMM, 25 ± 2 ◦C, 50 ± 10%RH)
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Table 7. Summary of sensors for water monitoring exploiting USV (Unmanned surface vehicle)
platforms [66–70].

Analysis Technique Field of Application Cost Technical Features

Analog pH Sensor/Meter Kit
For Arduino pH measurement 29.50 $ -

Analog Turbidity Sensor for Arduino Turbidity measurement 9.90 $ -

Temperature Waterproof DS18B20
Sensor Kit Water temperature measurement 7.50 $ -

EM506 (GPS) Position 39.95 $ -

Telesky pH Sensor pH measurement -
Range: 0–14

Working Voltage (5 V)
Accuracy (%) ±0.7

WAAAX TDS Sensor Total Dissolved solids
measurements -

Range: 0–1000 ppm
Working Voltage (3.3–5 V)

Accuracy (%) ±5

EIXPSY Turbidity Sensor Turbidity measurement -

Range: 0–4000 NTU
(turbidity unit)

Working Voltage (5 V)
Accuracy (%) ±0.75

DS5-DS5X Multi Probe

Ambient light, ammonia, chloride,
chlorophyll, rhodamine WT,

conductivity, depth, dissolved
oxygen, nitrate, ORP, pH,

temperature, total dissolved gas,
turbidity, blue-green
algae measurements

14,000–17,000 $ -

RBR Temperature Sensor Aged glass thermistors for
temperature monitoring of water - Accuracy: ±0.002 ◦C

RBR Dissolved O2 Sensor Optic dynamic luminescence
quenching for O2 detection - ±0.002 µM

Nortek Signature 500 Acoustic Doppler
current profiler (ADCP)

Current profiling, wave
height measurements - ±0.1 cm/s (velocity

resolution)

U-BLOX GPS Position -

Accuracy:
Position 2.5 m

Velocity 0.1 m/s
Heading 0.5◦

A way to develop this new concept is by integrating satellite remote sensing with
unmanned vehicle capabilities. Satellite remote sensing has high spatial coverage but low
resolution, while unmanned vehicles could have higher mobility and may be used for mon-
itoring specific open areas. In addition to UAV vehicles, there are also unmanned surface
vehicles (USVs), unmanned ships (USs), and underwater gliders (UGs). The combination
of all these applications could reach the proposed goal. For example, underwater gliders
can use a lot of sensors that can monitor several parameters from different phenomena. A
typical application of gliders is harvesting oceanographic data, especially from hurricanes;
this is a big advantage for further studies on storms [71]. Going into detail about oceanic
mixing interactions could improve the possibility of forecasting possible storms. USVs are
also a good solution to integrate into the network monitoring system of the ocean because
they can exploit wind and solar energy to accomplish their duty. Usually, these vehicles are
sailboats equipped with sensors for marine environmental measurements: temperature,
sea surface temperature, salinity, ocean color, dissolved oxygen, and seawater pCO2. In the
Figure 8 are shown some examples of USVs and marine drones.
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There are also unmanned ships that comprise a type of platform that can exploit
several types of sensors for ocean digitalization. The most common parameters identified
during these types of operations are wave height, wave period, and depth. Other particular
applications are linked to the detection of mammal sounds and fish concentrations in
specific areas. Another type of marine pollution is based on events of oil spills. Oil spills
are critical disasters with immediate negative consequences on the marine environment.
These types of disasters can also have long-term residues. It is challenging to separate oil
and water once they are mixed because oil does not dissolve into the water. Today, there
are several methods for removing oil from water, such as centrifugation processes [72],
flotation [73], or the employment of membrane technology [74], but a real challenge is
detecting and mapping oil pollution. In recent years, synthetic aperture radar (SAR)
has been a valid technology for monitoring oil spills for great properties, especially for
the weather illumination capabilities [75]. Several analytical methodologies have been
developed based on SAR images to detect oil spills. Nevertheless, quantitative relationships
of different SAR sensors’ properties for identifying oil spills are still missing. The most
common techniques for detecting and mapping oil spills are using cameras in the infrared,
visible, near-infrared, and ultraviolet spectra. Optical data are not enough to detect and
identify oil spills if the location is not defined well [75]. The main difficulty is to be careful
to confuse oil spills with other sea bio-elements [8]. When the area of interest is identified,
it is necessary to remove oil species from the sea water. Innovative procedures have been
studied in recent years, and it is interesting to highlight recent research [76] that is based
on the design of a methodology for monitoring oil pollution and providing an oil-water
separation device by means of a semi-permeable membrane. The cited application could
be used on an operating ship for detecting oil pollution in specific areas and calculating oil
volume during removing operations with the identification of the type of oil. Another way
to detect and localize water pollution is based on wireless sensor networks (WSN) [77]. This
application exploits sensors installed on microstations and unmanned ships. UV-visible
spectrometry sensors are used for harvesting data about total organic carbon (TOC) and
nitrate nitrogen (NO3-N). In addition, dissolved oxygen, pH, and conductivity sensors are
also present. Unmanned ships are usually powered by solar panels that send energy directly
to lithium batteries. The methanol fuel cell could also be taken into consideration the supply
of traction power to the entire vessel due to the low velocity that unmanned vessels usually
reach. Methanol fuel cells have the advantage of giving the needed energy even if harsh
environmental conditions are present where solar panels might have problems. Another
interesting application of sensors for identifying pollutants in the sea is based on a remotely
operated vehicle (ROV) as in [78], where a robotic platform with an integrated video camera,
probes for water analysis, and some hydrophones for measuring underwater noise are
shown. The aim of these robotic platforms is to reach places forbidden to humans. Usually,
chemical and physical parameters (conductivity, temperature, and depth) are measured by
underwater probes. The robotic platform exploits the GPS to have information about its
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position when operating on the water. Things are a bit more complicated when its activities
are some meters into the sea. In this case, localization sensors are used.

6. Sensor Application for Navigation and Onboard Security

With the development of new sensor technologies linked to innovative systems like
the IoT, a new concept of smart ships has been considered in recent years. It was recognized
in [12] that sensors play a critical role in realizing the concept of smart ships for enhancing
safety, maintenance, and ship inspections. A container ship vessel made a journey from
Tarragona (Spain) to Livorno (Italy), and during this route, parameters such as temperature
and pressures were recorded for various machinery equipment located in the engine room
of the ship. Data were collected hourly, so after the journey, the four columns of data were
realized just because the journey ended in four hours. All data were then processed for
further investigations and to improve the ship’s global safety. A large number of ship
incidents are linked to collisions among ships, and their impact is severely dangerous
from many points of view [1]. These types of accidents are usually due to the lack of a
communication system or radar failing operations for detecting small obstacles. One of the
most common categories of ships involved in this case are the fishing boats. A significant
analysis and discussion on the subject was presented by [79], who proposed a system
that includes ultrasonic and vibration sensors, GPS, and GSM modules for realizing a
detection system to alert the fishing boats about incoming ships or obstacles. A multi-sensor
system application for the maritime sector was due to [80], which realized milliAmpere,
an autonomous ferry research platform equipped with sensors for evaluating tracking
performances across some environments. The whole sensing system is made up of 10
cameras, a radar, and a lidar. This work evaluated the performances of both detecting
and tracking systems for two specific environments, finding specific issues that could be
solved by introducing multiple sensors for enhancing, for example, tracking performances.
Another crucial subject for safety on ships is based on flooding sensors. This view is
supported by [81,82], which considers the influence of decision-making during emergency
flooding situations on passenger ships. For this purpose, locally installed flooding sensors
are needed. The study showed several sensor configurations and recommended minimum
sensor arrangements for similar ship designs. Nowadays, most passenger ships do not have
an onboard flooding-sensor solution. These types of sensors are needful for forecasting
a flooding situation and improving to help the crew choose the best path to solve the
situation. Another study about flooding sensors [82] reports that this type of sensor can be
used to improve decision systems on ships with the aid of machine learning algorithms.
An input database of flooding simulations could be used to predict ships’ activities during
flooding times. With the spread of smart hybrid and full electric ships, monitoring batteries
is mandatory for accomplishing all current security restrictions. An example of sensor
applications in this shipping industry is the National Marine Electronics Association
(NMEA) 2000 smart sensor network [83]. The authors focused on making predictive
fault-damage analyses about valve-regulated lead–acid (VRLA) batteries installed on a
ship. This study puts into evidence the importance of monitoring the inner temperature of
the battery pack because it is an essential parameter for detecting aging time.

From the main deck, the crew of the vessel is able to check a lot of parameters from
sensors placed in crucial onboard positions. It could be possible to check the operating
status of batteries with all needed parameters (inner temperature, environmental temper-
ature, state of charge, discharge current, charging current). A notable example of a ship
monitoring system is SeaPerformer [84], which has been implemented on several sea ships.
It is based on a modular solution of several servers that have the duty to process and store
data. At the same time, they give access to users by means of satellite communication
system. Both the main bridge and engine room are equipped with harvesting data units
for recording useful signals. One of the purposes of this type of monitoring system is
to analyze engine fuel oil consumption to detect engine wear. Another neural network
application in the marine field is due to [85], which proposed a process to forecast the
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temperature of the ship propulsion devices in order to detect damages by giving an alert
automatically. Autonomous shipping operations have been under investigation in recent
years due to the possibility of using them in critical situations unreachable by humans.
Autonomous ships exploit a large number of sensors and auxiliary data from external
databases, for example, to feed Artificial Intelligence (AI) Machine Learning Algorithms.
In this way, it is possible to reach autonomous situational awareness cases for shipping
operations. The vessel could recognize the presence of obstacles and identify the right
route using installed sensors. The most common sensors used in this type of application
are visual sensors and microphones. Visual sensors are all sensors that can capture an
image. Some microphones for outdoor activities are shown in [7]. A prominent example of
autonomous ships is based on the studies and experiments in [86], where an experimental
prototype computer system was developed to grant full control of an unmanned ship
model by means of sensors and navigation devices. Autonomous unmanned ships exploit
sensors to accomplish several interesting tasks that in the past were devoted to humans,
such as automatic mooring and unmooring, selection and optimization of the shipping
route from one port to another, and performing anti-collision maneuvers. The possibility of
ships capable of making decisions without the final supervision of humans could be an
essential skill for optimizing autonomous ship operations, even when considering future
large-scale unmanned ships. These techniques are very useful when working with ad-
vanced sensors, as demonstrated in [87], which makes reflections about machine learning
systems applied to the autonomous shipping world, pointing out present limitations and
strategies for overcoming them. Another prospective into the sensor-based field has been
reached from [88], where it described the problem of threats of anomalies and cyber-attacks
in the marine sensor world. The authors propose a robust model to secure the marine
sensor system from cyber-attacks and illegal activities. The cited Light-GMB model can
operate with 98.52% of detection accuracy. Another interesting problem regarding the
introduction of autonomous ships into the real world inhabited by conventional ships is
reported in [89]. The main problem is based on the possibility of understating from the
point of view of the autonomous vessel in the event of facing a human-manned ship. The
goal should be to reach a state of awareness by means of sensors that can help autonomous
ships face all possible situations, including conventional ships. Figure 9 shows the most
common sensors for improving security on passenger ships.
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Tables 8 and 9 show sensors for navigation security and shaft monitoring.
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Table 8. Sensor applications for navigation and onboard security.

Aim of the Study Analysis Technique References

Monitoring rotating machines Powerless non-contact sensors [90]

Finding the best route considering the
influence of sea state Accelerometers, strain gauges [91]

Evaluation of sensors’ error in function of
the variation of the temperature on
maritime autonomous surface ships

Microelectromechanical
system sensors [92]

Sensors network could be very useful with the spread of AUVs, which can operate in
dangerous areas and accomplish tasks that could be difficult for a human-manned vehicle.
The challenge is managing to design an AUV that can accomplish its tasks without the
supervision of humans. A linked challenge is granting the underwater vehicle a sensing
system that allows it to act safely and efficiently. There are some types of applications where
GPS is not available or shows some problems in detecting the position of a maritime vehicle,
especially when they are considered submarine applications. In this case, discovering
new numerical techniques and innovative sensors for establishing position could be an
interesting point for future researchers [93]. Wireless sensors can be a solution for compact
design marine applications, but, at the same time, they suffer from limited access to energy
resources and could face battery state of charge (SOC) problems. A method based on
charging underwater sensor nodes using AUVs is shown in [94]. Charging submarine
sensors in this way could improve the transmission feasibility of the signals. Nevertheless,
one of the most limiting factors in submarine operations is the underwater orientation.
Deep ocean technologies like LIDAR, RADAR, or GPS have some problems involving
the attenuation of electromagnetic waves. For this reason, a combination of acoustic and
optical sensors is usually used in this type of application [95], which points out a series of
orientation problems for submarine sensors and the actual strategies for mitigating them.

Table 9. Examples of sensors for monitoring onboard shafts [90].

Analysis Technique Technical Specifications Cost

TMP36 Temperature sensor

Low voltage operation (2.7 V to 5.5 V)
Calibrated directly in ◦C
10 mV/◦C scale factor

±2 ◦C accuracy over temperature
Specified −40 ◦C to +125 ◦C, operation to +150 ◦C

Less than 50 µA quiescent current
Shutdown current 0.5 µA max

15 $

INA 219 CHIP (Current Sensor)

Operational Voltage: 3–5.5 Volts
Operating Temperature: −400–1250 ◦C

Maximum Voltage: 6 Volts
Bus Voltage Range: 0–26 Volts

Current sensing Range: ±3.2 A with ±0.8 mA resolution
0.1 ohm 1% 2 W current sense resistor

18 $

SparkFun Load Cell Amplifier HX711

Operation Voltage: 2.7–5 V
Operation Current: <1.5 mA

Selectable 10SPS or 80SPS output data rate
Simultaneous 50 and 60 Hz supply rejection

11 $

Omega Strain Gauges SGD Nominal resistance from 120 to 1000 Ω
Maximum bridge excitation voltage from 2.5 to 37 V 150–250 $
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7. Sensor Application for Green Propulsion Plants of Ships

According to The International Maritime Organization (IMO), the emissions of green-
house gases have to be reduced by 50% by 2050 to spread the process of decarbonization
into the shipping sector. Detailed examination of the decarbonization process by [96]
showed that up to today, the alternative fuels available for ships include liquefied natural
gas, liquefied petroleum gas, methanol, biodiesel, hydrogen, and ammonia (NH3) [97].
According to a long-term vision, biodiesel, hydrogen fuel, and ammonia fuel will inevitably
become the future fuels for ships. As said, in recent years, a lot of investigations have
been conducted into exploiting new fuel technologies. An application for the design and
the utilization phase of a Direct Methanol fuel cell is presented in [98]. A direct methanol
fuel cell (DMFC) is an electrochemical device that converts chemical energy into electrical
energy by means of the electrochemical oxidation of methanol. It belongs to the family of
proton-exchange membrane fuel cells (PEMFCs) and exploits similar working principles.
The main difference is based on the fuel source; indeed, a reformer is not needed to convert
methanol into hydrogen before it enters the fuel cell. Several strategies to use bio-methanol
as a renewable fuel from waste biomass are shown in [99]. Fuel Cells are a suitable solution
for small crafts, but an internal combustion engine that exploits methanol as a fuel is
required for high-power density applications like high-speed craft [100]. There are a few
examples in the literature of ICE running on methanol, and making advancements in this
field of research could be the right solution for the problems cited before. Another solution
for marine vessels may be liquefied natural gas (LNG) due to its low emissions and high
energy density [101]. LNG requires several specific tanks for storage at low temperatures
and could be uncomfortable in some ship applications. Compressed natural gas may
be easier to store onboard, but it has to face high-pressure storage (200–250 bar) tanks
that require a complex security system in order to avoid accidents. Hydrogen is a good
alternative for supplying ships for its high heating value and high combustion efficiency,
but it has to deal with storage and leakage problems. Hence, sensors play a crucial role
in this phase of development and research because they can give the chance to improve
the management of the problem, enhancing the security of the whole system. To better
understand the mechanisms of leakage detection and its effects, the effects of ship motion
on hydrogen dispersion in an enclosed area were analyzed in [102]. This study shows an
experiment to measure the hydrogen concentration inside an enclosed space simulating a
ship’s oscillating motions. Ship oscillation motions are detected by means of a gyroscope,
while hydrogen concentrations are detected by means of a gas sensor. Detecting leakage
sensors is essential for designing control and security systems for ships with onboard
hydrogen. Hydrogen fuel cells combined with battery packs could be a chance to innovate
the sector of costal or inner waters navigation. An example of a hybrid catamaran supplied
by a combined system of fuel cells and batteries is shown in [103]. The catamaran could
carry 220 passengers at the speed of 20 knots. The displacement is 120 tons, 30 m overall
length, and 10 m of breadth. Fuel cells supply the average power to the ship, while batteries
are responsible for the dynamic power. The main route is always in the area of the Amalfi
coast. It is probably the case that maritime applications that require more power and
autonomy do not have to take into account fuel cells but consider a type of combustion
engine that exploits fuels such as hydrogen or methanol, which can be produced with
renewable processes. New types of internal combustion engines that exploit these new
types of fuel were developed in [104,105]. Applications that require internal combustion
engines require the possibility of stocking hydrogen in the safest manner. Liquid hydrogen
plays an important role in maritime hydrogen transport due to its high storage efficiency.
According to this, it is crucial to have a hydrogen monitoring system for monitoring param-
eters linked to maintaining hydrogen safely in the liquid state. An application of a sensor
for detecting the hydrogen liquid level is reported in [106]. This study shows an example
of a superconductive magnesium diboride sensor for detecting the level of liquid hydrogen.
Another study [107] shows how important monitoring liquid hydrogen temperature is
for marine transport applications. It is necessary to maintain a series of parameters like
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pressure and temperature in a certain range in order to maintain hydrogen to the liquid
state. The study [107] presented platinum resistance sensors for marine applications with
excellent feasibility for monitoring the temperature of liquid hydrogen.

Sensors in the green ships world will play a crucial role in the context in which they
have been introduced, and probably, their impact will be more impressive than other fields.
The usage of sensors will be 20 times more frequent than the actual ships, as explained
in [108]. Obviously, an important factor is the feasibility of the sensors in order to catch
possible faults of the sensors themselves. According to this problem, there are some
approaches for mitigating this problem: the first one is the sensor validation technique,
which is based on assessing the sensor’s working properties and comparing actual data
with the previous one. The second approach is called sensor data fusion–recovery, and it is
based on multisensory measurements that exploit different single measurements, mixing
them to obtain information about one single measurement. Another green boat application
is based on the studies of [109] that developed a PEM fuel-cell battery hybrid system for
the propulsion system of a tourist boat. In a case like this, it is crucial to have onboard the
possibility of managing all essential parameters linked to the propulsion system.

Lithium batteries are appropriate for e-mobility applications because they have good
properties in terms of energetic density and weight [110]. Lead–acid batteries are also
used in the shipping sector [109] for sustaining fuel cells during the sail. As said before, in
regard to applications that foresee the presence of batteries, it is essential to manage their
temperatures to avoid disasters. Lithium batteries are very sensitive to temperature and
could generate relevant accidents if the temperature is not properly controlled. In addition
to this, monitoring temperatures for lithium-ion batteries could improve their performance
and prevent aging. Some sensors could be present for monitoring lithium-ion battery
temperatures. Two categories of sensors for monitoring them are shown in [111]. The first
one is called hard sensors; they manage to monitor the inner temperature of cells. The soft
sensors use external temperatures with specific models to forecast the inner temperature of
the cells. Regarding fuel cell applications, a lot of parameters have to be managed for safe
use, such as pressure, mass flow, and humidity. Gas sensors are used to manage hydrogen
leakage [112]. According to several types of fuel cell applications, there are specific gas
sensors for the possible gas contamination that could happen [6].

Another important field of analysis for innovative boats with renewable properties
focuses on solar boats. In the past, there were two main categories of solar boats: hybrid
solar boats, where solar panels were used in addition to a diesel generator to supply
onboard electrical loads, and full solar boats, where solar panels were used to supply all
onboard electrical loads [113]. Recently, new types of boats that are supplied with only
solar panels have been developed. A photovoltaic catamaran for sailing into the rivers,
lake, or along the coast is described in [114]. Obviously, the solar panels are associated with
battery banks in order to provide the stationary and dynamic power of the boat. Another
type of solar boat [115], which also uses wind energy, has the goal to reach the state of
autonomous sailing boats. The cited boat has a panoramic camera for recognizing the
environment, a sonar, and a pair of hydrophones for obstacle detection. The great trial is
collecting all data coming from sensors and using them to feed the navigation module for
making an autonomous sailing boat. Experiments like this are the initial steps for a fully
autonomous sailing renewable sailing boat. Figure 10 points out the most useful sensors
for new upcoming green technologies into hybrid ships.
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8. Discussions and Future Challenges

This review analyzed the actual state of the art of sensors in the maritime industry,
pointing out applications for sustainable and safe mobility. With the rising goals of exploit-
ing resources for land-based activities in a more sustainable way and with the unceasing
interest in discovering unexplored environments such as the ocean, it is essential to evolve
the technology to obtain security and efficiency. This literature review points out several
aspects of the sensor world that have to be improved in order to overcome the challenges
in the world that we are living in. First of all, it has been recognized that sensors applied to
harsh applications, such as submarine applications and offshore structures, suffer from a
lack of power due to the batteries’ discharging phase. It is crucial for enhancing the safety
of the interested marine structures by improving energy recovery technologies for feeding
sensor applications like the previous ones. Several wave energy recovery systems applied
on little vessels are reported in the literature. These types of technologies, if correctly
designed, could help to recover a minimal residue of energy that is not enough to feed the
entire power demand of a boat but could be useful for feeding submarine sensors that do
not need those power requests.

Studies about vibration energy recovery and wave interaction could be a path to try to
solve the problem of continuous power supply of sensors. Several technologies could be
developed in a deeper way, such as self-powered sensors; some examples have been cited
in this state of the art, too, such as magneto-restrictive sensors.

In the case of submarine vehicles, a crucial point of development is the environmental
orientation into the deep ocean; real-time sensor information combined with numerical
models could help to make up for lacking evident technologies that could solve this
problem in the near future. According to the problem of the insertion of autonomous
unmanned ships into the real world of shipping, it is essential to grant developments into
communication systems between autonomous ships and traditional ones to avoid accidents
exploiting several known scenarios. In this context, the help of machine learning and deep
neural networks could be the right path for improving the integration of autonomous ships
into the manned ships world.

In addition, a future application in the shipping industry could be the increasing
employment of acoustic emission monitoring. This technique is very common in bridges of
some other civil infrastructures. It is based on the principle of emitting acoustic alarms due
to the elastic energy release during plastic deformations of metals; this gives the chance to
study and monitor cracks and fatigue damage in structures. The huge problem interlinked
with this technique in shipping applications is the great number of sensors and cables to
allow hull monitoring. Future developments may be based on exploiting one optical fiber
to integrate a high number of sensors. The great advantage of acoustic emission sensors
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over strain gauges is that the former can indicate when a crack is present in the artifact and
when it is pushing forward, whilst strain gauges can just predict and suddenly operate
for these events. Strain gauges could work with acoustic emissions sensors in order to
correlate crack growing to specific load conditions. The new path for future ships might
be a combination of previous technologies (strain gauges and acoustic emission sensors)
integrating wireless data transmission to limit the extent of cabling. Unmanned ships are
very common for harvesting data about water and air pollution. It has been shown that they
currently base their possibility to operate just on batteries and solar panels. An interesting
solution could be the application of methanol into this type of ship in substitution of solar
panels. It is obvious that emissions coming from methanol fuel cells have to be monitored
in order to assess carbon neutrality, taking into account exclusively renewable methanol.
Today, there are some methanol fuel cell applications that take into consideration small
amounts of power linked to the weight installed. Moreover, an application like unmanned
vehicles could be taken into account. Some steps forward could also be taken in the field of
oil spills.

Combining applications of unmanned vehicles with the latest sensor technologies
could direct the research to improve the time response to an oil spill disaster and coordinate
in real-time the mitigating actions. The whole digitalization of the ocean, in this case, could
give quantitative data about a disaster and limit its spread in a shorter time. A useful
improvement in the oil spill detection research could be applying sensors for detecting Total
Dissolved Solids (TDS) or color sensors for recognizing water droplets in the oil in order to
mitigate the phenomenon more easily. In order to improve structural health monitoring
of ships’ responses, it could be interesting to conduct more research activities on the right
positioning of onboard sensors to limit sensor redundancy and costs. In addition, it is
obvious that a general methodology for damage detection in marine structures has not been
developed. A key point for making forward steps in this field is finding innovative signal
processing methods for including more parameters to give more accurate responses about
ship-wave interaction. The use of sensors with the new upcoming technologies coming
from the IoT world could help to develop a new, accurate way to study the sea state.

Future Views: Internet of Things and the Role of Artificial Intelligence for the Maritime Mobility

It is always difficult to contextualize Artificial Intelligence (AI) into different areas
of application because it is necessary to put in evidence the ratio between the strengths
and weaknesses of every single case. The impressive skills of this tool are evident, but it is
necessary to apply it in a proper way to avoid dubious situations. In the marine sector, a
large amount of data every day is collected by numerous recording devices such as sensors,
satellites, and unmanned marine vehicles [116]. The Internet of Maritime Things (IoMT)
is a customization of the international standard of the Internet of things (IoT) designed
for the marine environment [117]. This type of communication system could send data
up to 40 km by means of automatically adjusting antennas. The advantages are evident,
especially in the short-medium routes compared to LTE technologies. The extended process
of harvesting and sending data, based on a proper digital architecture, has to be supported
by a suitable classification and managing logic. In these cases, specific AI algorithms could
be the right path to follow to avoid excessive data analysis and post-processing sessions.
The main risk linked to the establishment of AI is not being fully aware of the event’s
physical nature. This could negatively influence the quality of harvested data. In the near
future, a great goal to accomplish for the digitalization of the ocean is the fulfillment of
V2C (Vehicle to Cloud). A cloud-based activity [118] could coordinate tasks among USVs
or other categories of unmanned vehicles in order to intensify, for example, harvesting
data procedures in situ. Integration between cloud infrastructure and next-generation AI
algorithms may be the right path for increasing security in the maritime sector, especially in
the costal areas where the previous technology could be integrated with land connectivity
platforms (Vehicle to infrastructure, Vehicle to Grid, Vehicle to Device, Vehicle to Network).
Vehicle to cloud is particularly usefull for monitoring enviromental impacts: by analyzing
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data collected from electric vehicles, manufactures could have the chance to optimize
energy efficiency, reducing operational costs. At the same time, we can have the possibility
of monitoring electric components in real-time and try to make more efficient battery life,
minimize energy consumption, and optimize vehicle performances.

9. Conclusions

A holistic view of the sensors in maritime vehicles and offshore structures is proposed
in this review. In order to accomplish new regulation tasks in terms of maritime pollution
and, at the same time, improve the security of maritime vehicles, it is necessary to develop
innovative and efficient digital architectures for generating real-time spatiotemporal data
for marine vehicles and structures near and outside ports. Knowing all the possible
interactions among sensors and surrounding maritime structures, it is essential to build
embedded maritime systems for accomplishing future tasks.
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