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Abstract: It is of the utmost importance for every country to monitor and control maritime pol-
lution within its exclusive economic zone (EEZ). The European Maritime Safety Agency (EMSA)
has developed and implemented the CleanSeaNet (CSN) satellite monitoring system to aid in the
surveillance and control of hydrocarbon and hazardous substance spills in the ocean. This system’s
primary objective is to alert European Union (EU) coastal states to potential spills within their EEZs,
enabling them to take the necessary legal and operational actions. To reduce operational costs and
increase response capability, the feasibility of implementing a national network (NN) of unmanned
vehicles (UVs), both surface and aerial, was explored using a Portuguese case study. The following
approach and analysis can be easily generalized to other case studies, bringing essential knowledge
to the field. Analyzing oil spill alert events in the Portuguese EEZ between 2017 and 2021 and per-
forming a strengths, weaknesses, opportunities, and threats (SWOT) analysis, essential information
has been proposed for the optimal location of an NN of UVs. The study results demonstrate that
integrating spill alerts at sea with UVs may significantly improve response time, costs, and personnel
involvement, making maritime pollution combat actions more effective.

Keywords: environmental monitoring; oil spill detection; pollution prevention; pollution control; sea
pollution; sustainable ocean management; unmanned vehicles; unmanned aerial vehicle; unmanned
surface vehicle; strategy

1. Introduction

The seas and oceans are crucial for life on Earth as they cover around 70% of the
planet’s surface and contain 97% of all available water [1,2]. The world as we know it
would not be the same without algae and phytoplankton’s crucial role in producing half of
the oxygen we breathe through photosynthesis [3,4]. It should be noted that the ocean plays
a crucial role in the regulation of global climate and temperature [5], as well as supporting
a wide range of marine life that provides a significant source of protein for people in many
parts of the world, particularly in less developed regions [6]. Unfortunately, ocean pollution
threatens this biodiversity and the future of those who depend on these critical resources
for their livelihoods.
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Over the years, Earth has been seriously affected by increased pollution and environ-
mental degradation due to technological advances and human activities [7,8]. Pollution in
the seas and oceans is one of the most worrying consequences that have occurred [9–11].
The increase in this pollution has occurred mainly due to the following [12,13]: (i) oily
residues from agriculture or industries that end up reaching coastal waters, (ii) deliberate
discharges of dangerous and harmful substances from maritime transport, and (iii) waste,
specifically plastics.

Worldwide, most global trades occur through sea routes [14], resulting in a higher
risk of oil spill occurrence. Portugal, located near the Atlantic Ocean (AO), extends over
a vast coastline and has one of the world’s largest exclusive economic zones (EEZs) [15].
Consequently, addressing this issue is of paramount importance. The continuous moni-
toring and control of EEZ activities is an obligation for each coastal state since they need
to take the necessary actions to ensure activity regulation. Monitoring and controlling
actions, especially when dealing with limited resources, must have acceptable costs while
providing an adequate response.

The role of the European Maritime Safety Agency (EMSA) is essential to supervise
and protect European maritime regions against pollution. Furthermore, it takes charge of
maritime safety and security matters. The CleanSeaNet (CSN) service has the objective
of helping to identify possible pollution that occurs in the waters of the European Union
(EU) [16]. When a potential pollution site is detected, the state along the coast receives an
alert. It must then take the appropriate measures to verify the information and clean up the
area if required.

The Portuguese Navy (PoN) receives the CSN alert and verifies its authenticity in
Portuguese waters. If the alert is confirmed to be genuine, the PoN must take all necessary
actions to clean the affected area to minimize the impact on the maritime environment. This
is crucial because there have been numerous incidents of sea pollution caused by massive
oil spills, such as the Prestige tanker in 2002 [17], which occurred off the coast of Galicia, and
the Deepwater Horizon oil spill in the Gulf of Mexico in 2010 [18]. It is crucial to promptly
and effectively address the consequences of sea pollution.

Unmanned Vehicles (UVs) are being utilized in various fields and can also be utilized to
perform pollution surveillance, monitoring, and cleaning with efficiency [19–21]. Their use
can significantly reduce operational costs and enhance the response capability of the coastal
state [22]. A combination of unmanned surface and air vehicles can maximize the benefits of
each type and lead to more effective utilization, as shown in Figure 1. An unmanned surface
vehicle (USV) usually has a lower cruise speed and autonomy than Unmanned Aerial
Vehicles (UAVs). Still, it has the advantage of being able to combat pollution in the affected
area directly [21]. This article will explore and analyze the utilization of UVs without
focusing on specific models, allowing for easier generalization of the study. Estimates for
the trajectory of the oil spill and the weather conditions are crucial, as illustrated in Figure 1,
as UVs take some time to reach the affected area. However, we can optimize the trajectory
by continuously obtaining updates on the weather conditions via satellite. We can also use
some sensor information like the buoys managed by the Portuguese Hydrographic Institute,
Instituto Hidrográfico [23], to estimate the environmental conditions along the coast better.
Since obtaining full area coverage is difficult and cost-impractical due to the EEZ’s vastness,
this option cannot be considered a feasible standalone information source but information
that can be combined with other data sources using data fusion techniques [24].

Analyzing and evaluating the current context is essential to developing a proper UV
network. As with any area of application, developing an effective implementation strategy
is essential, and one useful approach is conducting a Strengths, Weaknesses, Opportunities,
and Threats (SWOT) analysis [25–27]. This analysis involves comparing and correlating
various categories to generate insights and recommendations. It is a proposal that reflects
the current reality and needs to be updated regularly to account for any changes in the
existing context. This widely accepted framework is a useful tool commonly used for
strategic planning and decision-making processes [26,28].
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Figure 1. Simplified diagram of the proposed approach for using a network of UVs for maritime
pollution combat operations.

The main aim of this article is to perform a more extensive, complete, and comprehen-
sive analysis than the one presented in [22]. The upcoming sections will elaborate on this
objective. The significant contributions identified are as follows:

• An analysis of the potential oil spill occurrences between 2017 and 2021 in Por-
tuguese waters;

• An analysis and evaluation of sea pollution monitoring and control using UVs;
• The development of a SWOT analysis to understand the current implementation

context, being able to retrieve essential insights for strategy development;
• An initial analysis of a strategy for using UVs in pollution control that can be easily

generalized to other case studies.

This article is organized as follows. Section 2 explores related work in the study area,
giving essential insights to understand the field of study. Section 3 formulates the problem
in more detail. Section 4 performs a simplified statistical analysis of the oil spill occurrences
in Portuguese waters between 2017 and 2021. Section 5 proposes a SWOT analysis and
performs its description and evaluation. Section 6 introduces a National Network (NN) of
UVs for potential oil spill monitoring and combat, considering the characteristics of the
proposed vehicles. Finally, Section 7 presents the conclusions and provides the necessary
directions for further research.

2. Related Work

This section is intended to provide the needed analysis of the current related work,
which is essential to understanding the analysis performed during the article. Section 2.1
explores sea pollution and some of the existing legislation. Section 2.2 explores pollution
by hydrocarbons and some of their characteristics. Section 2.3 explores the CSN service
that monitors maritime domain pollution. Section 2.4 briefly explores the UVs essential in
creating an NN for potential oil spill monitoring and cleaning.

2.1. Sea Pollution

According to the United Nations Convention on the Law Of the Sea (UNCLOS), sea
pollution is the direct or indirect human introduction of substances in the maritime domain
that lead to harmful effects on humans and animals [29]. The leading cause of pollution
in the maritime environment is human activity, which introduces harmful substances or
energy. Additionally, some natural changes in coastal areas due to numerous factors, such
as resource exploration or new construction, can also directly affect existing ecosystems
and endanger marine life, directly impacting the economy [30]. The progressive increase in
chemical contamination and acidity in the oceans has harmed species such as corals and
mollusks, affecting the food chain and causing ecological imbalances [31]. To deal with the
vast increase in current pollution, since it is currently one of the major ambient causes of
diseases [32,33], it is essential to implement an integrated approach involving governments,
organizations, and the population. A comprehensive analysis shows that most human
actions in the maritime domain are undeniably responsible for polluting our oceans [34].
Prioritizing prevention is crucial, as a future with reduced pollution levels will lead to a
healthier environment for the existing population, directly impacting the quality of life.
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Regarding international legislation, several accords and conventions primarily focus
on maritime pollution. One of the most important is the International Convention for the
Prevention of Pollution from Ships (MARPOL) 73/78 convention [35], which establishes
specific criteria for ship construction and prohibits discharges that cause marine pollution,
except those processed through oil filtering or separating equipment. In addition to the
MARPOL convention, other international agreements, such as the International Conven-
tion for the Safety of Life at Sea (SOLAS) [36], the Convention for the Protection of the
Marine Environment of the North-East Atlantic (OSPAR) [37,38], and the International
Convention on Oil Pollution Preparedness, Response, and Co-operation (OPRC) [39] also
play a crucial role in the regulation and the treatment of seawater pollution. It is important
to regulate, but equally important to monitor and implement efficient legal mechanisms
that penalize polluters.

The collaboration between global organizations is crucial, and the environmental
sector is no different. If an oil spill is significant and can pose a major danger to the
environment and nearby countries, according to the OPRC [39], the responsible coastal
state is required to notify the International Maritime Organization (IMO). The IMO is a
United Nations (UN) agency responsible for the safety and security of shipping and the
prevention of marine pollution by ships [40], being able to provide technical assistance and
mobilize resources to help through the Global Response Network (GRN) [41,42].

Portugal has implemented the Clean Sea Plan (CSP) strategy since 1993 [43]. This plan
defines the emergency measures that must be taken to combat pollution in the maritime
domain and allows direct actions. To enable a faster response, the country has implemented
a Pollution Report System (POLREP) [44], which provides authorities with detailed infor-
mation about existing pollution occurrences in the maritime domain. The PoN coordinates
all maritime domain pollution operations in Portuguese waters, ensuring they are executed
safely and efficiently. In most cases, and mainly due to a lack of resources, pollution
monitoring in situ is not always possible, mainly due to the vast existing maritime area
to cover.

2.2. Hydrocarbons

The main sources of hydrocarbon pollution in the maritime industry are petroleum op-
erations and shipping [45]. Petroleum is commonly extracted from underground reservoirs,
particularly in the Persian Gulf [46]. When petroleum comes into contact with the ocean, it
causes contamination and is one of the leading sources of ocean pollution. Approximately
90% of the world’s trade is conducted by sea, with petroleum being one of the major
primary materials transported [47]. As a result, it is natural for these activities to involve a
risk of spills, which may be accidental or intentional [48,49].

Hydrocarbons have physical and chemical properties that affect their behavior. These
properties include viscosity, which is the resistance of the fluid to movement; density, which
is the amount of mass per unit volume; pour point, which is the lowest temperature at
which the hydrocarbon still flows at a specific speed; flash point, which is the minimum
temperature at which the hydrocarbon is capable of emitting combustible vapors in suffi-
cient quantity to form a flammable mixture with air; boiling point, which is the temperature
at which oil passes from liquid state to the gaseous state at atmospheric pressure; solubility,
which is the ability of a substance to dissolve in water [50,51]. Understanding the chemical
properties of hydrocarbons is crucial for effectively and quickly cleaning up the pollution
they cause without impacting existing ecosystems.

To better understand the impact of hydrocarbons, they can be classified based on
their properties. This is mainly determined by their relative density and concentration
of aromatic compounds [52–54]. Oils with higher concentrations of aromatic compounds
are more harmful and tend to evaporate more easily than oils with higher concentrations
of heavier components, which are more persistent in the environment. Volatility is a
characteristic of hydrocarbons that can result in varying degrees of environmental damage,
depending on the type of hydrocarbon [55,56].
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If we know the type of hydrocarbon and its characteristics, we can tailor the cleaning
response operation to make it more effective. This, in turn, leads to reduced costs and
environmental impact. Unfortunately, it is not always feasible to obtain this information
in advance. Satellite images are typically used to detect the spill [57,58] and determine its
thickness [59,60], but cannot still provide the specific details required for more efficient
spill response planning.

2.3. CleanSeaNet

To accurately detect oil spills, remote sensing is essential as it helps to ensure timely
detection and action while also reducing the occurrence of false positives [61,62]. Most
commonly used sensors rely on Red, Green, and Blue (RGB) or Synthetic Aperture Radar
(SAR) satellite images, which, after preprocessing, are combined with feature extraction
algorithms to detect and classify oil spills [63]. With the growing use of Deep Neural
Networks (DNNs) across various fields, the remote sensing of oil spills has also followed
this trend. It has become increasingly common to apply Convolutional Neural Networks
(CNNs) for oil spill detection [64,65].

EMSA has developed the CSN satellite monitoring system. The primary objective of
this system is to alert EU coastal states about potential spills within their EEZs, enabling
them to take the necessary legal and operational actions. The EMSA offers technical and
operational assistance to EU countries on pollution-related matters. The CSN service uses
SAR and RGB satellite images to detect possible oil spills [66]. When an oil spill occurs,
SAR technology is usually used. Using this technology, it can be difficult to accurately
measure and detect the spill in an area where wind-caused capillary waves exist since they
affect wave reflection [67]. Furthermore, ships made of metal tend to reflect more, making
them easily detectable. If possible and needed, ship identification can be performed using
Vessel Monitoring System (VMS) data, which can obtain radar and Automatic Identification
System (AIS) data [68]. Some natural phenomena, such as algae or ice in places without
wind, can be detected as false positives [69,70]. Another limitation is the inability to detect
the oil source directly from satellite images [71], as described in the previous section.

In an oil spill, a report is immediately generated and sent to the coastal state for
appropriate measures within approximately 20 min [72]. The CSN service categorizes
detections into two classes: (i) class A, which has a high probability of being an oil spill,
and (ii) class B, which presents a lower probability of being an oil spill [69,73]. It is crucial
to confirm the presence of all detected oil spills in situ and undertake rigorous monitoring
and control measures to mitigate sea pollution caused by oil spills.

2.4. Unmanned Vehicles

The EMSA currently provides a UAV service free of charge that can assist coastal
states in monitoring existing occurrences, with a minimum deployment of two months [74].
A network of UVs is an excellent way for countries to reduce operational expenses and
achieve near real-time response. Moreover, it can be highly beneficial for these nations
to offer services to other countries that lack access to such resources. In recent decades,
UAVs have become increasingly popular and accessible to many users [75–78]. They
are currently being used in many applications [79–81], and are also widely accessible as
Commercial-Off-The-Shelf (COTS) products [82,83].

Tekever is a company that the EMSA contracts for various tasks, including detecting
oil spills, managing traffic and piracy, aiding in fishery inspection, and monitoring ship
oil emissions [74,84,85]. This partnership has been proven to have numerous advantages
and high-performance results [86]. The UAV developed and used by Tekever, illustrated
in Figure 2 (left), has a main wing measuring 7.3 m, a length of 4 m, a cruising speed
of 100 km/h, a payload capacity of 50 kg, and an impressive endurance of 20 h [85–87].
Equipped with five gyrostabilized gimbals, electro-optical (EO) and Infrared Radiation
(IR) sensors, an AIS, Emergency Position Indicator Radio Beacon (EPIRB), Maritime Radar
(MR), and SAR capabilities, this UAV is a powerful tool for many tasks [85–87].
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Figure 2. Tekever company AR5 UAV [85] (left) and Elbit Systems company Silver Marlin
USV [88] (right).

The EMSA does not use USVs in its operations. However, USVs offer the advantage of
directly addressing pollution in situ. For example, the Elbit Systems Silver Marlin USV [88],
illustrated in Figure 2 (right), can undertake diverse missions, including Intelligence,
Surveillance, and Reconnaissance (ISR), force protection, anti-terrorism, Mine Warfare
(MW), search and rescue, pollution treatment, firefighting, and special research tasks. This
USV is 10.67 m long, can reach a maximum speed of 45 knots, has an endurance period
of 24 to 36 h, and has a projected range of 500 nautical miles. It also features a range of
sensors, such as EO and acoustic sensors.

Some concepts that combine UAVs and USVs have already been developed, where
UAVs are responsible for monitoring oil spills and USVs for the oil spill combat (cleaning)
process [89]. With this combination, it is expected to perform the operations at lower costs
and with higher efficiency. Despite these efforts, Europe still does not have a cooperative
and interoperable network of unmanned systems that could automate this operation,
depending on the necessities and payload possibilities. Different types of payloads, like
sensors, can offer more comprehensive information through data fusion, leading to better
decision-making processes.

This article’s purpose is not to provide a detailed review of the working modes and
characteristics of UAVs and USVs but to give an overview of what is being used. The
study and analysis can be easily adapted to other UVs with different specifications and
generalized to other case studies, as the explored scenario is common to all coastal states.
The ability to generalize is crucial, as it provides important scientific rigor to this study.

3. Problem Formulation

Portugal is a unique country with many distinguishing qualities and challenges due
to its location. Its location near the AO is particularly advantageous, but its extensive
coastline makes it highly connected to the ocean. Portuguese waters are frequented by
ship traffic due to the presence of crucial choke points [90]. This increased traffic demands
greater responsibility for monitoring and control, as illustrated in Figure 3. It is important
to note that a large portion of maritime traffic involves the transportation of oil [91], which,
unfortunately, increases the accident risk and, consequently, the potential for pollution.
Apart from other reasons, pollution can occur due to irresponsible practices of some crew
members who discharge oil at sea [92] and accidents, which pose a permanent risk [93].
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Figure 3. Density of maritime traffic near Portugal in 2022 [94]. Regions with lower traffic are
represented in lighter shades of red, while regions with higher traffic are shown in darker red.

Real-time monitoring and control are crucial due to Portugal’s vast maritime area
under sovereignty and jurisdiction and the need to comply with international legislation
on pollution combat [95]. It is imperative to follow the established conventions that offer
clear guidelines on minimizing the probability of a pollution incident, as briefly described
in Section 2.1.

The Portuguese EEZ is divided into three regions of ocean areas, as illustrated in Figure 4.
The region beyond and adjacent to the territorial water of the mainland (287,521 km2),
the Azores (930,687 km2), and Madeira (442,248 km2). Given the existing maritime traf-
fic, as illustrated in Figure 3, proper supervision and control of this area are crucial to
prevent illegal or accidental spills of hazardous and toxic substances into the sea. Each
coastal state monitors and regulates activities within its EEZ and responds promptly to
possible incidents.

Figure 4. The Portuguese EEZ, encompassing the mainland, Azores, and Madeira, is represented by
orange polygons, while the region delimitations are shown in green [96].
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The time difference between the possible oil spill alert and the UV arriving at the
scene must be considered. Some approaches use a complex formulation considering oil
spread, evaporation, and dissolution [97]. To simplify the analysis process, a basic oil
spill model that considers ocean currents and wind speeds should suffice for accurate
approximations [22,98]. With the use of UVs equipped with satellite connections and
onboard processing capabilities, any errors in our oil spill modeling trajectory can be
corrected online during the course from the base to the occurrence site [22].

To respond to oil spills cost-effectively, it is important to match the capabilities of UVs
effectively with the location of the spill. It is essential to analyze this pairing properly to
achieve success. To optimize the deployment of UVs along the Portuguese coast, statistical
analysis of existing oil spill alerts is necessary. Moreover, it is important to consider the
time needed between the alert and arrival at the scene, as the possible oil spill may move
due to wind and sea currents [99–101].

We will consider the UAV and USV models for the analysis performed, briefly de-
scribed in Section 2.4. These models are appropriate for this type of operation. Moreover, it
is worth noting that this analysis can be easily adapted to other UV models, given their
operational specifications. As described before, the purpose of this article is not to delve
into specific UV models but to conduct a thorough analysis of how these models can be
combined and utilized to combat spills.

4. Analyzing Oil Spills in Portuguese Waters

Performing a statistical analysis is essential to fully understand a particular area,
particularly when dealing with temporal information. We have analyzed data collected
from the CSN service between 2017 and 2021 in Portuguese waters, as illustrated in Figure 5,
to identify the main areas affected by these incidents (alerts). This analysis is crucial for
identifying areas with more occurrences, which helps optimize UV locations throughout
the territory.

Figure 5. Alerts for oil spills in Portuguese waters from 2017 to 2021, visualized as circles whose sizes
correspond to the potential spill area. Different colors indicate various clusters of spill incidents.

After examining Figure 5, it is evident that most alerts are concentrated in the areas
identified as high-traffic zones in Figure 3. It would be impractical and expensive to deploy
manned ships or aircraft to monitor the vast areas we need to cover. Between 2017 and
2021, 1245 alerts were reported, but only two were verified in situ, meaning that Portugal
has received an average of approximately 250 alerts annually. However, the confirmation
rate of these alerts is only 0.4 per year, which is notably low. This is mainly due to a lack of
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resources and a high volume of alerts, which means confirmation takes a lot of material
and human resources, which are very expensive.

Based on the data presented in Figure 6, a significant number of alerts happen in the
southern region of Portugal. Therefore, this area should be given priority for coverage.
However, it is crucial to recognize that oil spills are a permanent risk along the Portuguese
coast, as any seafaring vessel poses a potential threat. This underscores the importance
of maintaining vigilance and preparedness across all coastal regions, not just areas with a
higher frequency of incidents.

Figure 6. Alerts for oil spills near the Portuguese mainland from 2017 to 2021, visualized as circles
representing the potential spill area, with sizes corresponding to the area. Different colors indicate
various clusters of spill incidents.

The Macaronesia region, which comprises Madeira and the Azores islands, is a well-
liked tourist destination [102]. However, due to the rise in the number of tourist ships
sailing around the islands, there is a greater likelihood of potential oil spills, as shown in
Figure 7.

Figure 7. Alerts for oil spills near the Azores and Madeira islands from 2017 to 2021, visualized as
circles that represent the potential spill area, with sizes reflecting the scale of the spill. Different colors
indicate distinct clusters of spill incidents.
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Given the vast maritime area under consideration, some regions require increased
attention, particularly those with a higher likelihood of oil spill incidents. It is crucial to
balance prompt response measures with cost-effectiveness. The subsequent section will
delve into a SWOT analysis to better comprehend the current context and perform strategic
planning [26,28]. This analysis will aid in identifying strengths, weaknesses, opportunities,
and threats, facilitating a more informed and effective approach to managing oil spill risks
in maritime areas.

5. Characterizing the Environment and Defining a Strategy

Conducting a SWOT analysis to develop a proper UV network [103,104] is important.
The success of a strategy relies more on its correct execution than its content. Evaluation
and control of strategy implementation are critical factors for success. Using proper perfor-
mance metrics for evaluation and control is essential to clearly understand the obtained
performance by analyzing specific dimensions [105,106]. The SWOT analysis is a widely
accepted framework and an important strategic planning tool that contributes directly
to the decision-making process [26,28,107,108]. The SWOT analysis is a globally used
methodology to identify strengths, weaknesses, opportunities, and threats in a specific
context or environment [25–27]. These can be described as follows:

• Strengths: Internal characteristics or resources that provide an advantage, correspond-
ing to the positive aspects of the identified internal factors;

• Weaknesses: Internal characteristics or resources that could lead to disadvantages,
corresponding to the negative aspects of the identified internal factors;

• Opportunities: External factors that promote success, corresponding to the positive
aspects of the identified external factors;

• Threats: External factors that could cause failure, corresponding to the negative
aspects of the identified external factors.

A SWOT analysis is useful when examining an environment. However, it should
not be the only aspect to consider [109]. Systematically aligning and examining the re-
lationships among opportunities, weaknesses, strengths, and threats enables a deeper
understanding of how these elements interrelate [109,110]. Balancing the strengths, weak-
nesses, opportunities, and threats is crucial to developing effective solutions. This analysis
allows for more thorough and customized strategy recommendations, as the current en-
vironment is accurately defined. By reviewing the literature and examining the data, we
acquired valuable insights into the present context [103,111]. These findings will guide the
development of a robust strategy to tackle future challenges. The main objective of the
analysis is to implement an NN of UVs, considering the country’s current situation and the
growth potential.

The identified strengths, which represent the positive aspects of the identified internal
factors for implementing an NN of UVs, are as follows:

• Technological innovation;
• The development of national industry;
• The ability to develop internal knowledge;
• The ability to develop knowledge to perform research and development of new

systems and solutions;
• The development of an infrastructure that can be used for UVs performing different

types of operations;
• The ability to perform completely unmanned operations;
• An NN of UVs provides a versatile approach that can be applied in various scenarios;
• The promotion of sustainable development and innovation.

The identified weaknesses, which represent the negative aspects of the identified
internal factors for implementing an NN of UVs, are as follows:

• Low technical knowledge;
• Technological risk;
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• Necessary initial investment;
• Difficult access to capital for investment;
• The need for partnership with private companies to raise financing;
• The country’s legislation regarding autonomous vehicle operation.

The identified opportunities, which represent the positive aspects of the identified
external factors for implementing an NN of UVs, are as follows:

• The project and idea can be easily adapted to other countries;
• Funding source access;
• Partnership with private companies in the UVs sector;
• Contribution to political, economic, and social factors;
• Direct contribution to worldwide pollution monitoring and control;
• Boosting the economy;
• The enhancement of UVs global knowledge.

The identified threats, which represent the negative aspects of the identified external
factors for implementing an NN of UVs, are as follows:

• Technological dependence on the CSN service’s oil spill detection;
• Investment risk;
• UVs legislation is not globally well-defined;
• Under-developed technology;
• A network of UVs creates potential cybersecurity risks.

Based on the results, investing in the national UV network and providing special-
ized training and necessary infrastructure can reduce human resource dependence. The
technology offers many benefits, including enhancing existing knowledge, research and
development, and increasing operational efficiency. However, there are also weaknesses,
such as associated risks and the need for secure investments. The opportunities for UVs are
vast, including boosting the economy and contributing to worldwide pollution monitoring
and control. However, there are also threats, such as the lack of existing legislation for UVs
and dependence on the CSN service for oil spill detection. It is through the relationship
between these factors that strategic planning is performed, providing crucial insights for
the decision-making process.

We can divide strategic planning into short-, medium-, and long-term actions. In
the short term, focusing on existing manned vehicles in areas with frequent oil spills,
as outlined in Section 4, is crucial. These initial efforts also include improving existing
infrastructures and conducting research and development to ensure that the developed
solution will be suitable. Forming strategic partnerships and seeking financial support
internally or externally is also important. In the medium term, the focus should be on
implementing an NN of UVs and investing in reducing the dependence on human resources.
It is essential to gain operational experience and establish procedures to ensure the correct
and speedy use of UVs. In the long term, it is necessary to establish the NN and ensure full
operational capability is installed. Ideally, all the construction and maintenance should be
carried out internally to boost the local economy.

6. Unmanned Vehicles National Network

Portugal has a long coastline, making the sea a vital aspect of its economy. How-
ever, managing its vast EEZ and responding quickly to emergencies can be challenging.
Therefore, it is crucial to explore alternative ways of addressing this issue. The alert’s
location and the spill’s potential movement are crucial factors when deciding on the most
suitable UV. When dealing with multiple alert situations, it is crucial to prioritize the
correct location. This can be achieved through statistical analysis and oil spill trajectory
estimation, as illustrated in Figure 8, where oil spill alerts in Portuguese waters between
2017 and 2021 are represented. Representation and analysis are essential in the UV network
design and analysis. It is important to analyze the situation carefully to ensure the most
effective response.
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As described in Section 2.4, USVs and UAVs display distinct differences in autonomous
capabilities and cruising speeds. USVs usually offer an added advantage over UAVs’ ability
to monitor and combat pollution (cleaning). It is crucial to approach spill fighting with
monitoring and cleaning to ensure prompt action. A dual-use approach [112] can also be
assumed to utilize USVs in combating ship fires and reducing operational costs in this
domain. Based on current data analysis, the most effective strategy would be to use USVs
for occurrences near the coastline and UAVs for those further away.

Figure 8. Oil spill alerts, represented as blue dots, that occurred in Portuguese waters from 2017
to 2021.

To ensure maximum coverage in areas with high incidence rates, we initially propose
implementing five USV and three UAV bases, as outlined in Table 1. According to the
information presented in Section 3, we assume that the UAVs can cover a distance of up to
900 km (∼=486 NM), while USVs can cover a distance of 300 km (∼=162 NM). As illustrated
in Figure 9, our solution provides complete coverage of all affected areas at the most
reasonable cost since it guarantees area coverage while minimizing the number of used
vehicles. The center locations of the UV range are represented in Table 1, corresponding to
the provided circles.

Figure 9. Blue circles represent the coverage areas of potential USV bases, while red circles indicate
the coverage areas of potential UAV bases near the Portuguese mainland and the Azores and
Madeira islands.
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It is essential to determine the number of UVs stationed at each base location, and this
number should be adjustable and subject to revision over time. To determine the optimal
number of vehicles, we can review the frequency of incidents between 2017 and 2021 and
allocate additional resources to areas with higher incident rates. Based on this analysis, we
recommend reinforcing the USV station near the Portuguese coastline, specifically in the
southern region, as it requires additional resources. However, this number and its location
can be adjusted appropriately, even considering the specific time of the year. Another
approach is to perform forecasting [100,113] using existing data and adjusting the number
of UVs at each location since it is possible to combine data such as winds, sea currents, and
wave direction to predict future oil spill occurrences [114,115].

The possibility of implementing a dual-use strategy increases the development of an
NN of UV importance, allowing it to have multiple purposes. In particular, search and
rescue operations are crucial in a coastal state like Portugal with a vast EEZ. Figure 10
illustrates the search and rescue incidents in the Portuguese EEZ between 2013 and 2021.
Upon analyzing search and rescue incidents, it is clear that most occur near the coast and
are related to flooding, false alarms, breakdowns, or medical assistance, making it easier
for UVs to respond quickly if needed.

Table 1. Possible locations for USV and UAV bases.

Location Coordinates Type

Air Base n.º 1—Sintra 38°50′26′′ N 009°20′37′′ W UAV

João Paulo II Airport 37°44′32′′ N 025°41′56′′ W UAV

Funchal Airport 32°41′41′′ N 016°46′36′′ W UAV

Port of Cascais 38°41′37′′ N 009°24′53′′ W USV

Port of Portimão 37°07′04′′ N 008°31′35′′ W USV

Port of Leixões 41°10′42′′ N 008°42′18′′ W USV

Port of Funchal 32°38′43′′ N 016°54′29′′ W USV

Port of Ponta Delgada 37°44′33′′ N 025°40′13′′ W USV

Port of Lajes 39°25′40′′ N 031°10′37′′ W USV

Figure 10. Search and rescue incidents in the Portuguese EEZ between 2013 and 2021. Red: aerial
accidents; green: sinking; blue: flooding; yellow: alerts outside the Portuguese search and rescue
area; light blue: breakdowns; pink: collisions, black: strandings; brown: medical assistance; light
orange: false alerts; light pink: man overboard; gray: missing persons; dark yellow: bridge falls;
green: towing and lighter; blue: telemedical assistance services.
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UVs have proven highly useful for maritime search and rescue operations. They offer
great benefits regarding aerial surveillance and reconnaissance, particularly for monitoring
and managing rural fires. Using UAVs enhances the ability to quickly detect and assess fire
situations, which is crucial in rural areas. This dual application amplifies the network’s
value, contributing to maritime safety and effective land-based emergency responses.

7. Conclusions and Future Work

Pollution is a significant global issue that seriously threatens our environment. There-
fore, it is essential to acknowledge and incentivize efforts to combat it. Monitoring and
preventing oil spills is one effective way to prevent the harmful effects of oil spills on
ecosystems. With its extensive coastline, Portugal is highly connected to the ocean and has
a challenging geostrategic location, as it is highly vulnerable to oil spills. Such spills occur
usually due to accidents or illegal discharges by ship crews at sea.

A statistical analysis of oil spill incidents was performed between 2017 and 2021 to
identify high-risk areas. It is crucial to have a quick and cost-effective response plan to
ensure the effectiveness and endurance of the vehicles involved in the cleanup process.
We conducted a SWOT analysis focused on creating an NN of UVs that allowed for the
proper evaluation of the environment, which is critical in evaluating and defining the
best strategy, taking into account the characteristics of the UVs. The analysis suggests
implementing short-, medium-, and long-term actions. In the short term, focus on existing
manned vehicles in areas with frequent oil spill occurrences. In the medium term, an NN
of UVs should be implemented, and dependence on human resources should be reduced.
Establishing an NN with full operational capability is critical in the long term.

Our initial proposed implementation strategy involves setting up three UAV and six
USV stations to cover most Portuguese waters efficiently. These strategically placed stations
can also serve a dual purpose, as they can significantly aid in search and rescue operations
and monitor and manage rural fires. This illustrates the project’s adaptability and relevance
in various emergencies, contributing to a broader spectrum of environmental protection and
safety measures. As this work is still under development, there is room for improvement.
For example, more comprehensive optimization can be performed, considering the costs
and response times of both single and multiple events. All the obtained results are easily
generalizable and applicable to other case studies, as the explored environment is similar
to that of all coastal states.
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Glossary
AIS Automatic Identification System
AO Atlantic Ocean
CNN Convolutional Neural Network
COTS Commercial-Off-The-Shelf
CSN CleanSeaNet
CSP Clean Sea Plan
DNN Deep Neural Network
EEZ Exclusive Economic Zone
EMSA European Maritime Safety Agency
EO Electro-Optical
EPIRB Emergency Position Indicator Radio Beacon
EU European Union
GRN Global Response Network
IMO International Maritime Organization
IR infrared Radiation
ISR Intelligence, Surveillance, and Reconnaissance
MARPOL International Convention for the Prevention of Pollution from Ships
MR Maritime Radar
MW Mine Warfare
NN National Network
OPRC International Convention on Oil Pollution Preparedness, Response, and Co-operation
OSPAR Convention for the Protection of the Marine Environment of the North-East Atlantic
POLREP Pollution Report System
PoN Portuguese Navy
RGB Red, Green, and Blue
SAR Synthetic Aperture Radar
SOLAS International Convention for the Safety of Life at Sea
SWOT Strengths, Weaknesses, Opportunities, and Threats
UAV Unmanned Aerial Vehicle
UN United Nations
UNCLOS United Nations Convention on the Law of the Sea
USV Unmanned Surface Vehicle
UV Unmanned Vehicle
VMS Vessel Monitoring System
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