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Abstract

The use of underwater vehicles, either remotely operated vehicles (ROVs) or autonomous
underwater vehicles (AUVs), has become increasingly relevant in the operation and mainte-
nance (O&M) routines of offshore wind farms. This article provides a critical review of how
these platforms are being integrated into inspection and maintenance tasks, contributing
not only to safer and more precise operations but also to greater autonomy in challenging
marine environments. Beyond the technical and operational aspects, this review highlights
their growing connection with artificial intelligence, digital twins, and multi-robot collabo-
ration. The studies analyzed indicate a progressive shift away from conventional methods,
traditionally dependent on crewed vessels and manual inspections, toward more auto-
mated, sustainable, and integrated approaches that align with the environmental and social
commitments of the offshore wind sector. Finally, emerging trends and persisting obstacles,
notably energy autonomy, are discussed, outlining the requirements for consolidating a
robust, connected, and sustainability-oriented model for offshore maintenance.

Keywords: ROV; AUV, offshore wind; operation and maintenance; digital twin; multi-robot
collaboration; predictive maintenance; sustainability; environmental monitoring; renewable
energy

1. Introduction

In recent years, offshore wind energy has evolved from a promising alternative to one
of the pillars of the global energy transition. Installed capacity, which was modest around
2010, reached 64.3 GW in 2022 [1]. This figure is expected to double by the end of 2025,
surpassing 130 GW and consolidating offshore generation as a key component in global
decarbonization strategies [1].

This rapid expansion of the offshore wind industry has not occurred in isolation
but reflects broader global energy and technological transitions. Such growth has been
supported by ambitious international frameworks, most notably the 2015 Paris Agreement,
which reaffirmed the global commitment to accelerate renewable energy deployment as
consistent with international climate frameworks such as the Paris Agreement [2,3]. Nearly
all major economies have since raised their renewable energy targets, positioning offshore
wind as a key driver of net-zero strategies. Global projections indicate that roughly 2000 GW
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of offshore wind may be required by 2050 to align with Paris targets [4]; this implies a
leap from current installed capacity on the order of tens of gigawatts. These policy-driven
ambitions have been reinforced by the growing recognition that offshore wind energy
development must be guided by sustainability frameworks that integrate environmental,
economic, and social dimensions throughout the project lifecycle, in line with life-cycle
assessment principles [3].

The rapid policy-driven growth of offshore renewables has been paralleled by signifi-
cant technological progress in marine robotics. The evolution of underwater vehicles spans
more than six decades: the first autonomous underwater vehicle (AUV), the Special Purpose
Underwater Research Vehicle, was developed in 1957 at the University of Washington’s
Applied Physics Laboratory [5]. During the 1960s and 1970s, military and industrial appli-
cations drove the rapid development of tethered systems, giving rise to the first remotely
operated vehicles (ROVs) used for deep-sea recovery and offshore inspection tasks [6].
Over time, innovations in propulsion, control systems, and sensors transformed these
early “flying eyeballs” into sophisticated robotic platforms capable of precise manipulation,
high-resolution imaging, and autonomous navigation. Today, ROVs and AUVs represent
mature technologies employed across scientific, commercial, and offshore industrial sectors,
reflecting growing interest in renewable-energy applications [5].

This growth has been led by a group of pioneering countries. China stands out as
the largest offshore market, with more than 37 GW installed in 2023 [7], surpassing the
traditional European leader, the United Kingdom (14.7 GW in 2023 [8]). The United States,
still in an early stage, has made remarkable progress. The South Fork Wind Farm (132 MW)
was commissioned in March 2024, totaling about 0.174 GW of offshore capacity by March
2025. Although still below 0.2 GW, federal initiatives such as the approval of the 704 MW
Revolution Wind project highlight the goal of reaching 30 GW by 2030 [9,10]. In Europe,
Denmark, which inaugurated the world’s first offshore wind farm in 1991, has reached
2.65 GW of offshore capacity, with wind power now accounting for 59.3% of its electricity
mix [11]. Altogether, these cases illustrate not only the global demand for clean energy but
also the establishment of robust industrial supply chains and innovation hubs dedicated to
offshore technologies.

As offshore wind farms expand in scale, number, and depth, their operation and
maintenance (O&M) have become increasingly complex [12]. Within the broader context
of the energy transition, O&M phases, traditionally labor-intensive, are being progres-
sively automated through robotic and digitalised solutions, which play an essential role
in reducing labor costs and improving efficiency [12]. This shift is part of a broader trend
toward predictive and data-driven maintenance paradigms, supported by emerging prac-
tices such as structural health monitoring (SHM) that leverage multisource heterogeneous
data [13]. Recent reviews highlight the pivotal role of automation, artificial intelligence,
and robotics in reshaping offshore wind O&M, setting the stage for smarter and more
resilient maintenance strategies [14].

To overcome these limitations, autonomous and semi-autonomous underwater sys-
tems have emerged as critical tools, enabling continuous inspection, condition monitor-
ing, and predictive maintenance while minimizing human exposure and vessel depen-
dency [15,16]. These advancements collectively enhance safety, reduce operational costs,
and expand weather windows, thereby lowering the levelized cost of energy (LCOE) and
improving the overall sustainability of offshore operations [16,17]. Given these converging
technological and policy developments, it becomes essential to understand how ROVs and
AUVs enable safer and more sustainable operations with improved efficiency.

The present review aims to provide a comprehensive and sustainability-oriented as-
sessment of recent advances, operational challenges, and future directions in the use of
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underwater robotic systems for offshore wind operation and maintenance. Building on a
systematic approach grounded in the PRISMA protocol, it synthesizes recent high-impact
literature to map how ROVs and AUVs contribute to safer, more efficient, and environmen-
tally responsible offshore operations.

The methodological procedures adopted in this study follow a transparent and replica-
ble PRISMA-based framework, encompassing the definition of search strings, inclusion and
exclusion criteria, and multistage filtering to ensure the reliability of the selected corpus.
The technological overview presents the classification, architecture, and functionalities of
underwater vehicles, establishing the conceptual foundation for subsequent analyses. Ap-
plications in offshore wind farms are then explored, focusing on inspection, maintenance,
environmental monitoring, and collaborative multi-robot operations that integrate aerial,
surface, and subsea platforms.

Subsequent sections expand on the integration of artificial intelligence and digital-twin
systems, examining how these tools enhance predictive maintenance, decision-making
autonomy, and structural health monitoring. The sustainability dimension is also ad-
dressed, analyzing how underwater robotics supports environmental, economic, and social
objectives consistent with the United Nations Sustainable Development Goals (SDGs).
The discussion consolidates the main operational challenges, reliability issues, and research
gaps that still constrain large-scale deployment, leading to a final synthesis of lessons
learned and future research directions.

Beyond technical synthesis, this review offers a cross-domain perspective connecting
robotics, digitalization, and sustainability, an approach not yet consolidated in previous
reviews. By integrating Al-driven autonomy, digital-twin supervision, and ESG-oriented
evaluation, it establishes a unified framework to assess how underwater robotic systems
contribute to a safer, smarter, and more sustainable offshore energy transition.

2. PRISMA-Based Methodology Literature Review

This review followed the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) framework to ensure transparency, reproducibility, and methodological
rigor in the selection and analysis of the scientific literature. This study focused on peer-
reviewed works addressing the use of remotely operated vehicles (ROVs), autonomous
underwater vehicles (AUVs), and autonomous surface vehicles (ASVs) in the operation
and maintenance (O&M) of offshore wind farms.

2.1. Search Strategy and Data Sources

The systematic search was conducted exclusively in Scopus, chosen for its broad
indexing of multidisciplinary engineering journals, including IEEE, Elsevier, and MDPIL.
Scopus provides unified coverage across robotics, ocean engineering, and renewable-energy
domains, avoiding redundancy among multiple databases.

A complementary exploratory search was performed in Google Scholar to identify the
contextual and historical materials used in the Introduction, though only Scopus-indexed
studies were retained for systematic analysis. The search string applied was as follows

("ROV" OR "Remotely Operated Vehicle" OR "AUV" OR
"Autonomous Underwater Vehicle" OR "Autonomous Vessels")
AND ("offshore wind" OR "floating wind" OR "offshore maintenance")

Bibliographic retrieval and preprocessing were supported by Publish or Perish (PoP) [18]
and Python-based scripts in Google Colaboratory [19], which performed deduplication,
metadata normalization, and keyword tagging. The initial corpus comprised 88 articles
published between 2016 and 2025, a decade corresponding to the commercial expansion
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of offshore wind farms and the parallel evolution of subsea robotics for inspection and
maintenance tasks. The Scopus database search and retrieval process were completed in
June 2025, ensuring the inclusion of the most recent Scopus-indexed publications prior to
manuscript preparation

2.2. Methodological Framework

The methodological framework ensured transparency and consistency with PRISMA
through four structured stages:

(1) Database Identification: The search and retrieval process used the defined Boolean
string on Scopus, targeting works on subsea robotics and offshore O&M. Scopus was se-
lected for its integrated coverage of engineering and renewable-energy journals, minimizing
duplication across platforms.

(2) Data Cleaning and Preprocessing: Duplicates and off-topic entries were automati-
cally identified and removed using Publish or Perish (v8) and Python-based routines. Data
normalization harmonized author names, keywords, and journal titles, yielding a unified
metadata structure for consistent filtering.

(3) Screening and Eligibility: Titles, abstracts, and keywords were reviewed manually
following predefined inclusion and exclusion criteria. Only peer-reviewed journal articles
written in English (2016-2025) were retained. Excluded works included those unrelated
to offshore wind, lacking experimental validation, or addressing robotics in non-energy
contexts. Screening emphasized thematic convergence with offshore wind, subsea robotics
(ROV, AUV, and ASV), and sustainability-oriented O&M.

(4) Qualitative Synthesis: From the screened dataset, 23 core studies were included in
the final analytical corpus, selected for methodological rigor, clarity of validation, and rel-
evance to O&M lifecycles. Citation frequency and publisher impact were considered
secondary relevance indicators. This synthesis was qualitative, prioritizing interpretive
and methodological depth rather than quantitative aggregation, in line with the diversity
of research designs encountered.

This staged process ensured methodological transparency and minimized selection
bias while preserving the validity and reproducibility of the systematic review.

2.3. Screening and Selection

After automated and manual filtering, the staged reduction followed the PRISMA
flow shown in Figure 1.

( R
Identification
Records identified via Scopus (2016-2025): n = 88
N\ J
( J’ R
Screening
Duplicates and off-topic records removed (n = 18)
Records after screening: n = 70
N\
s J’ 7
Eligibility

Full-text articles assessed for eligibility (n = 70)
Excluded (lacking offshore wind/O&M focus): n = 30
. J

n

[ Included in Review )

Studies included in qualitative synthesis: n = 40
Key references used in structured

comparative analysis: n = 23
_ J

Figure 1. PRISMA flow diagram summarizing the literature identification and selection process.
Source: Authors’ elaboration.
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From 88 initial Scopus records, 18 were removed as duplicates or off-topic, 30 were
excluded during abstract or full-text screening, and 40 remained for qualitative synthe-
sis. Among these, 23 were identified as core analytical studies forming the structured
comparative analysis corpus, while additional contextual references complemented the
technological and historical background, totaling 50 references across the manuscript.

Two classification-oriented studies [20,21] were consulted to define the baseline taxon-
omy of subsea vehicles (inspection, intervention, and hybrid ROVs). These were used for
conceptual support only and were not part of the systematic corpus.

Figure 2 illustrates the yearly distribution of the initial corpus before filtering, showing
a sharp growth in publications from 2022 onward. This trend confirms the inclusion of
recent and high-impact studies from leading publishers in offshore robotics and renewable
energy O&M.
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Figure 2. Yearly distribution of articles in the initial Scopus dataset (before filtering).

2.4. PRISMA Flow Description

The selection pathway summarized in Figure 1 demonstrates a transparent and replica-
ble process aligned with the PRISMA protocol, reinforcing the methodological consistency
of the review.

3. Technological Overview of ROVs and AUVs

The technological background of subsea vehicles provides the foundation for under-
standing their roles in offshore wind operation and maintenance. This section therefore
outlines the main robotic platforms, remotely operated vehicles (ROVs) and autonomous
underwater vehicles (AUVs), their classification, embedded technologies, and operational
challenges. These hybrid and resident architectures form the technological foundation for
the applications reviewed in Section 4.

3.1. Classification and Characteristics

The two predominant types are remotely operated vehicles (ROVs) and autonomous
underwater vehicles (AUVs). ROVs are remotely controlled from vessels or land-based
stations through an umbilical cable that provides power, communication, and real-time
video transmission [21,22]. AUVs, in contrast, operate without a physical connection to the
surface, following pre-programmed routes guided by sensor data and onboard navigation
algorithms [21,22]. This autonomy enables extended mobility and long-duration missions
without continuous human supervision. Figure 3 illustrates the fundamental differences
between an umbilical-connected ROV and an autonomous AUV operating near an offshore
wind turbine.
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Figure 3. Schematic representation of an ROV and an AUV operating near an offshore wind turbine.
Source: authors” elaboration.

ROVs and AUVs can be further classified by size and application. Lightweight ROVs,
weighing under 100 kg, are typically used for visual inspections, cleaning, and accessing
restricted areas [20]. An example is the FLOW-CAM MiniROV, developed for subsea cable
monitoring with embedded sensors, particularly suitable for dynamic scenarios [23]. Work-
class ROVs, by contrast, operate beyond 1000 m depths and include hydraulic manipulators
and redundant propulsion systems, making them suitable for complex interventions such
as component replacement or structural repairs [24,25].

Broadly, the literature distinguishes three categories of underwater vehicles: (i) inspec-
tion vehicles, mainly lightweight ROVs (<200 kg), applied in visual surveys, bathymetric
mapping, and non-invasive checks [20]; (ii) intervention ROVs, larger and equipped with
robotic arms and tooling for subsea operations such as cable disconnection or valve ma-
nipulation [24]; and (iii) intervention AUVs, an emerging category that extends autonomy
to maintenance and repair tasks. Nauert and Kampmann [26] demonstrate the feasibility
of autonomous tasks such as structure cleaning, anode replacement, and light repairs,
highlighting their potential to reduce reliance on human divers.

This classification underscores how autonomy, tooling, and sensing capabilities de-
termine the specific operational domain of each vehicle type within offshore mainte-
nance workflows. Table 1 summarizes the representative taxonomy linking operational
tasks, sensing technologies, and vehicle types.
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Table 1. Representative taxonomy linking operational tasks, sensing technologies, and vehicle types.

O&M Task Typical Sensors/Tools Platform Type
Visual inspection HD cameras, LIDAR Lightweight ROV
Bathymetric mapping MBES, DVL, INS AUV

Cable inspection/maintenance Cameras, sonars, manipulators Work-class ROV

Anode replacement/light repair ~ Force-feedback arms, acoustic positioning Intervention AUV/HROV

Biofouling removal

Brush or cavitation cleaning tools ROV/HROV

3.2. Embedded Technologies and Emerging Capabilities

Recent developments integrate advanced sensing and artificial intelligence (AI). Some
ROVs employ optical sensors combined with neural networks for automatic detection of
sacrificial anodes [27]. Others use multibeam echosounders (MBES) and imaging sonars
to inspect monopiles and subsea foundations [28], while laser/optical imaging supports
detailed geometry capture in turbid, high-current waters [24]. Hybridized vehicles are gain-
ing increasing attention, integrating ROV and ASV features to expand mission flexibility
and autonomy [29].

These systems perform critical roles such as visual inspections, bathymetric surveys,
integrity checks on anodes and metallic structures, and physical manipulation (e.g., discon-
necting cables or anchor lines) [27,30]. A notable example is the study of Santos et al. [24],
which reports innovations such as autodocking, autonomous control via OceanRINGS+,
and the combined use of laser and sonar for operations in turbid and high-current waters.

Beyond inspection, ROVs are being adapted for specialized maintenance tasks. For in-
stance, Lin et al. [31] describes a prototype ROV designed to remove biofouling from
turbine foundations, incorporating robust mechanics, reliable power systems, and intuitive
human-machine interfaces. Such applications contribute directly to structural safety, cost
reduction, and lifetime extension of offshore assets.

Hybrid ROVs (HROVs) further expand versatility by switching between tethered and
autonomous modes. The HROV Nereus exemplifies this approach, alternating between
fiber-optic umbilical control and long-range autonomous operations in deep-sea explo-
ration [24,32]. Gémez-Bravo et al. [33] demonstrate that commercial ROVs can be adapted
into HROVs through reactive sonar-based control, enabling inspections and transect navi-
gation in turbid waters. This flexibility broadens applications across aquaculture, oil and
gas, and offshore renewable energy.

Another trend is the development of medium ROVs (mROVs), designed by the
Woods Hole Oceanographic Institution (WHOI) with NSF and NOAA support, to fill
the gap between small inspection ROVs and large work-class platforms such as Jason [32].
With depths up to 4000 m and modular integration of sensors and manipulators, mROVs
target coastal and restoration missions requiring adaptable platforms.

3.3. Technical Challenges and Design Limitations

Despite these advances, several challenges remain. The dynamic coupling of ROVs,
umbilical cables, and support vessels can impair stability in rough seas [25,28]. Optical
sensors lose effectiveness in turbid waters, requiring robust acoustic sensing [28]. AUVs,
in particular, face limitations in energy autonomy, constraining mission duration [24].

Promising solutions include integrating autonomous surface vehicles (ASVs) as posi-
tioning platforms for ROVs [29], deploying resident vehicles connected to subsea docking
and charging stations for recurrent missions [34], and adopting advanced control methods
such as model predictive control (MPC) to enhance navigation accuracy. Collaborative
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navigation between multiple AUVs and ROVs has also shown potential for optimizing
inspection coverage [35]. Resident robotics for subsea maintenance, such as anode replace-
ment or light repair, are emerging as robust solutions for sustainable and cost-effective
offshore O&M [26].

These remaining limitations motivate the integration of Al-driven perception, multi-
robot collaboration, and digital-twin frameworks as discussed in the following sections.

4. Applications in Offshore Wind Energy

This section synthesizes how ROVs and AUVs are employed across inspection, main-
tenance, monitoring, and collaborative tasks within offshore wind farms. It consolidates
examples from Section 3 into four operational domains: (i) inspection and maintenance,
(ii) environmental monitoring, (iii) multi-robot and logistical coordination, and (iv) tech-
nological challenges and lessons learned. Subsequent Sections 5 and 6 build on these
applications to discuss integration with Al, digital twins, and sustainability frameworks.

4.1. Inspection and Maintenance

Performing inspections and maintenance in offshore wind turbines involves technical
challenges aggravated by harsh marine environments. In this context, ROVs and AUVs
have emerged as strategic tools for ensuring structural integrity and enabling subsea
interventions without deploying human personnel.

Inspection activities include foundation analysis, subsea cable monitoring, and cor-
rosion detection in metallic components. ROVs are widely applied for visual inspection
of monopiles and spar buoys, structures exposed to cyclic loading from waves and cur-
rents [29]. Beyond visual imaging, acoustic sensors and MBES allow seabed mapping
and detection of internal anomalies, while ultrasonic thickness sensors and corrosion
probes provide quantitative data on material degradation [24,27]. An illustrative case is
the FLOW-CAM platform, which integrates real-time imaging with onboard processing to
estimate residual life of inspected components, thus supporting predictive maintenance
strategies [23,36].

Maintenance operations range from routine procedures such as biofouling removal to
more complex interventions, including sacrificial anode replacement, cable repair, and struc-
tural reinforcement. ROVs and AUVs are increasingly deployed in both fixed and floating
offshore wind turbines (FOWTs), reflecting growing technological maturity and the demand
for safer, more efficient, and cost-effective solutions [23,29]. Recent prototypes demonstrate
robust manipulators and intuitive human-machine interfaces capable of executing pre-
cision interventions under variable currents and low visibility [31]. Intervention AUVs
have also shown the capability to perform autonomous light repairs, indicating an ongoing
transition toward fully automated subsea maintenance [26].

Reliability is a critical factor in offshore robotic operations, where harsh marine en-
vironments often cause unplanned downtime and equipment degradation. Field studies
demonstrate that robotic and semi-autonomous systems enhance operational safety and
continuity by automating inspection and maintenance tasks in hazardous conditions [37].
Although standardized indicators such as mean time between failures (MTBF) and mean
time to repair (MTTR) are still seldom reported for offshore platforms, recent trials indicate
improved availability and fault tolerance through predictive control, digital-twin supervi-
sion, and resident “garage” concepts [38,39]. Together, these advances mark a shift from
reactive to condition-based maintenance, strengthening long-term reliability and safety in
offshore wind operations.
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Operational control strategies and their integration with digital twins are further
explored in Section 5, where the focus shifts from physical interventions to autonomous
perception, decision-making, and predictive analytics.

To enhance comparability across distinct O&M domains, Table 2 summarizes a subset
of representative studies illustrating how different robotic platforms contribute to offshore
wind inspection, maintenance, and environmental monitoring. A comprehensive cross-
reference of all 23 studies included in the PRISMA corpus is presented later in this paper.

Table 2. Representative applications of ROVs and AUVs in offshore wind O&M (subset).

References  Application

Platform/Method Main Contribution (1-2 Lines)

Predictive life assessment (RUL) and

[23,36] Cable/foundation inspection FITQW_CAM MiniROV SHM using a DT-enabled ROV
(vision + DT)
workflow.
. . . Work-class ROV High-precision operations under

[24] Structural inspection/repair (laser + sonar) turbidity; resident “garage” docking.

[27] Anode condition assessment ROV + Al (transfer learning) Real.—t'upe vision plpehr}e for automatic
sacrificial-anode detection.

. . Progress toward autonomous light

[26] Autonomous maintenance Intervention AUV/HROV .
repair (e.g., anode replacement).

[29] Launch/recovery planning ~ Hybrid ASV-ROV model Nonlinear couplgd fission modeling
for autonomous inspections.

[39] Logistics/vessel substitution =~ Work-class ROV + SPMS Safe L&R from small OSVs; reduced

fuel consumption and OPEX.

To consolidate the findings derived from the PRISMA corpus, a quantitative synthesis
was performed to categorize the reviewed studies by their principal application domains
and vehicle types. The resulting distribution is presented in Table 3, which summarizes
the thematic composition of the corpus across inspection, maintenance, environmental
monitoring, Al integration, and multi-robot collaboration domains.

Table 3. Distribution of studies by principal application domain and vehicle type (N = 23).

Domain ROV AUV Hybrid Total (1)
Inspection 5 3 1 9
Maintenance 5 0 0 5
Environmental /Monitoring 2 0 0 2
Al/Digital Twin 1 2 0 3
Collaboration/IMR 0 0 2 2
Intervention/Manipulation 0 2 0 2
Total 13 7 3 23

Note. Several papers address more than one domain or vehicle category (e.g., inspection combined with mainte-
nance, or Al integrated with environmental sensing). Following PRISMA guidelines, each study was classified
according to its primary focus or contribution, identified by the dominant research objective or the most empha-
sized application in the original study. This procedure avoids multiple counting while preserving the overall
thematic distribution of the corpus.

Among the 23 studies retained, 39% focus primarily on inspection, 22% on mainte-
nance and cleaning operations, 13% on Al or digital-twin integration, and 9% on collabo-
rative hybrid operations. ROVs remain the dominant platform (57%), followed by AUVs
(30%) and hybrid multi-robot systems (13%). Studies published after 2022 exhibit a growing
emphasis on autonomy, resident operations, and multi-robot collaboration, reflecting a
maturation from purely inspection-oriented tasks to integrated O&M solutions.

https:/ /doi.org/10.3390/su18010002


https://doi.org/10.3390/su18010002

Sustainability 2026, 18, 2

10 of 24

4.2. Environmental Monitoring

In offshore wind farm operations, environmental monitoring plays a strategic role
that goes beyond structural safety. It is an essential part of ongoing efforts to understand
and mitigate the impacts of installations on marine ecosystems. Systematic observation of
environmental conditions and biodiversity supports more informed decision-making, en-
suring that operation and maintenance (O&M) activities proceed in line with sustainability
principles. In this context, ROVs, AUVs, UAVs, and USVs have increasingly been deployed
as mobile data collection platforms, enabling real-time environmental assessments.

Subsea structures such as monopiles, spar buoys, and scour protections modify the
surrounding marine environment, often functioning as artificial reefs that enhance local
biodiversity. Studies indicate that, when properly planned, these modifications may gener-
ate positive ecological effects [22]. To document these changes, ROVs and AUVs are used
in periodic surveys that record both the presence and distribution of organisms. Recent
work has demonstrated automated vision-based techniques for detecting and assessing key
structural elements, such as sacrificial anodes, which contribute to long-term ecosystem
and asset monitoring [27].

Environmental monitoring also plays a preventive role during subsea interventions.
Vessel movement, robotic deployment, or cable handling can generate acoustic distur-
bances that affect fish and marine mammals sensitive to noise. To address this, Al-driven
methods are increasingly applied to process acoustic and visual data in real time, detecting
abnormal behavior and anticipating risks. Complementary approaches, such as acoustic
modeling with side-scan sonars, allow the identification of critical areas and the redirection
of operations to reduce ecological impact [22,24].

Another growing development is the integration of digital twins with robotic plat-
forms. Continuously updated with structural and environmental data, these models enable
predictive simulations and dynamic adjustments to O&M planning. As emphasized by
Berker et al. [36], synchronization between onboard and cloud-based digital twins allows
the early detection of ecological risks, such as seabed shifts or variations in marine fauna,
enabling real-time adaptation of maintenance operations.

Combining environmental sensors with robotic platforms has enabled more holistic
monitoring strategies. Multisensor configurations, which integrate acoustic sensors, high-
resolution cameras, and physicochemical probes into a single system, provide a 360-degree
perspective of offshore environments. These datasets not only support structural integrity
assessments but also facilitate long-term ecological monitoring. Historical data collected by
these platforms allows temporal comparisons and the detection of progressive changes,
whether natural or related to human activity [40]. Innovations such as robust docking under
low visibility and autonomous docking success evaluation further enhance the scalability
of long-term monitoring solutions [34].

Ultimately, robotic technologies in offshore environmental monitoring strengthen the
ability to reconcile operational efficiency with ecological responsibility. By integrating
embedded sensors, advanced analytics, and digital models, these systems support a more
nuanced and adaptive approach to O&M. This alignment ensures both structural reliability
and reduced ecological footprint, directly supporting the UN Sustainable Development
Goals (SDGs). Specifically, robotic monitoring fosters clean energy expansion (SDG 7),
safeguards marine biodiversity (SDG 14), and contributes to climate action. For instance,
Khalid et al. [38] note that deploying autonomous surface vessels (ASVs/USVs) for inspec-
tion and logistics can reduce dependence on crewed transfer vessels and service vessels,
thereby lowering operational costs and the emissions associated with repeated manned
trips offshore, although no quantitative CO, estimate is provided.
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In this perspective, subsea vehicles evolve from operational tools into strategic enablers
of an energy transition model that respects ecological boundaries while maintaining the
innovation and scale required for global decarbonization.

4.3. Emerging Trends and Future Directions

In recent years, subsea robotics applied to the operation and maintenance of offshore
wind farms has undergone rapid and transformative changes. Emerging technologies are
beginning to reshape the way inspections and interventions are conducted, paving the way
for increasingly autonomous and adaptive operations in challenging marine environments.

Al has progressed beyond simple automated visual analysis. Advanced deep-learning
methods, such as YOLOv12 [41], are now shifting from centralized processing to distributed
edge-computing approaches onboard the vehicles, reducing latency and enabling local
decision-making in remote missions. Al is also expanding into more complex and delicate
tasks, including autonomous maintenance tasks (e.g., anode replacement) and direct in-
tervention in structural components, missions that were previously impossible without
human presence [26].

Although the concept of digital twins has already been explored, current developments
emphasize deeper and more interactive applications, with virtual models running directly
on subsea vehicles. This hybrid connection between cloud-based models and embedded
hardware enables real-time decision-making. As a result, offshore wind turbines may
experience significant reductions in operational expenditure (OPEX) and an extension
of asset lifetimes, ultimately improving return on investment in Capital Expenditure
(CAPEX) [36].

Multi-robot architectures have already proven their operational value, but current
research focuses on overcoming persistent challenges such as the standardization of commu-
nication protocols (e.g., ROS-Marine), improved robustness against cyber threats, and the
deployment of advanced collaborative methods including distributed Simultaneous Lo-
calization and Mapping (SLAM) and adaptive task allocation algorithms. These efforts
aim to enhance cross-platform interoperability among UAV, USV, ROV, and AUV systems,
enabling scalable and safe multi-robot operations [35,37].

Energy capacity remains a fundamental constraint for long-duration subsea missions.
Both ROVs and, in particular, intervention AUVs face endurance limits imposed by on-
board battery power, which can become insufficient when operating high-demand tools
or performing extended tasks. Recent studies highlight that this limitation is one of the
principal barriers to fully autonomous maintenance operations, with some authors even
deeming “onboard battery power infeasible” for certain cleaning and intervention applica-
tions [26]. To address this challenge, resident or “garage” concepts such as subsea docking
and recharging stations have been proposed and tested to allow vehicles to replenish energy
and continue operations without frequent surface retrievals [24,26].

From a sustainability perspective, the current emphasis lies in quantifying the envi-
ronmental benefits of robotic operations. International initiatives highlight that replacing
conventional crewed vessels with unmanned surface vehicles (USVs) can significantly
reduce fuel consumption and associated CO, emissions, directly supporting ESG goals
and SDGs [38]. Such metrics strengthen the sector’s ability to demonstrate its concrete
contribution to SDG 13 (Climate Action), complementing the recognized roles in SDG 7
(Affordable and Clean Energy) and SDG 14 (Life Below Water) [39].

4.4. Multi-Robot Collaboration and Logistical Integration

Multi-robot collaboration has become a cornerstone of next-generation offshore main-
tenance, linking aerial, surface, and subsea robotic systems into cohesive and adaptive
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networks. This subsection analyzes how UAVs, USVs, ROVs, and AUVs cooperate through
shared control frameworks, logistics optimization, and distributed autonomy to increase
operational safety and efficiency.

Recent frameworks emphasize cooperative architectures supported by intelligent
control and real-time data exchange. Zhang et al. [40] propose a hierarchical system
where UAVs conduct aerial surveys, USVs act as communication and logistics hubs,
and ROVs/AUVs execute subsea operations (Figure 4).

The architecture relies on an autonomous middleware that allocates tasks dynami-
cally, adapting mission plans to environmental changes in current, wind, and visibility.
Such coordination enhances system resilience and precision, marking a shift toward more
intelligent and flexible offshore inspection paradigms.

DIGITAL

_%T - TWIN

N
Bolt tightening

Figure 4. Collaborative architecture for offshore wind inspection and maintenance. Adapted from [40].

Foster et al. [35] reinforce this concept with a multi-robot framework tailored for
offshore wind farms. In this setup, UAVs carry out visual inspections of turbines, USVs pro-
vide surface support and positioning, while ROVs perform subsea interventions. Managed
by autonomous systems, this division of labor enhances agility, reduces turbine downtime,
and improves logistical and energy efficiency. The key advantage of multi-robot systems
lies in their ability to combine autonomy with cooperation: each platform contributes its
specialty while maintaining synchronized responses to environmental changes in real time.
Nordin et al. [42] further highlight how autonomous control systems for manipulators and
sensors enhance this coordination, enabling tighter synchronization across robotic teams
and reducing the degree of human intervention required for complex subsea operations.
Their study demonstrates that cooperative control and sensor fusion architectures can
substantially improve mission safety and task accuracy under dynamic offshore condi-
tions. Hu et al. [43] extend this logic with mixed-integer and adaptive search algorithms to
coordinate AUV fleets, achieving substantial reductions in total inspection duration and
operational cost.

Maintaining reliable trajectories under dynamic sea states remains a critical challenge.
Santos et al. [44] integrate IMU data from turbine platforms into ROV controllers to stabilize
trajectories in floating wind conditions, while Zhang et al. [40] demonstrate equivalent
robustness in aerial inspections using multi-sensor adaptive path planning. This conver-
gence of control strategies across domains underlines the potential of unified autonomy
frameworks for aerial and underwater agents.

Reducing OPEX and emissions increasingly depends on optimizing vessel logistics.
Deng et al. [39] demonstrate that deploying ROVs from small offshore service vessels (OSVs)
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via a single-point mooring system (SPMS) can safely replace large dynamic-positioning
ships, yielding measurable economic and environmental benefits. Ren et al. [45] confirm
that SPMS minimizes relative motion between vessel and structure, while Khalid et al. [38]
emphasize that autonomous robotics reduce the need for frequent crew-transfer missions,
aligning O&M practices with global decarbonization targets.

Distributed robotic cooperation and optimized logistics form the operational backbone
of sustainable offshore maintenance, linking the physical layer of robotic activity with the
digital intelligence of Al and twin-enabled decision support for fully autonomous O&M.

4.5. Operational Challenges and Lessons Learned

Carrying out subsea inspection and maintenance in offshore wind farms imposes
technical demands far beyond those encountered in conventional marine environments.
Instability of the sea state, limited visibility, and the interaction with large-scale structures cre-
ate scenarios in which ROVs and AUVs face significant constraints in navigation, perception,
and control. Overcoming these barriers is a prerequisite for safe and efficient deployment.

Low visibility remains one of the most persistent problems in subsea missions, particu-
larly in highly sedimented or naturally turbid waters. Even high-resolution optical sensors
lose effectiveness under these conditions. As a result, imaging sonars and multibeam
echosounders (MBESs) have become essential tools, enabling reliable mapping and defect
detection in opaque environments [24,28]. Sensor-fusion strategies that combine acous-
tic, optical, and inertial data are critical to maintaining robustness in visually restricted
conditions [28].

The constant motion of vessels and floating wind turbines introduces another opera-
tional challenge. During deployment, recovery, or close-proximity maneuvers, oscillations
can compromise safety or damage equipment. Predictive and disturbance-rejection control
approaches help mitigate these effects by anticipating current and wave disturbances,
enabling smoother operations [46]. Inertial measurement units (IMUs), integrated with
sonar-based navigation, further enhance fine-grained positioning and stability under dy-
namic hydrodynamic conditions [24].

For ROVs, the umbilical cable is both indispensable and restrictive. It supplies power
and ensures real-time communication but limits horizontal mobility and may become a
liability under rough seas. Strategic deployment points and optimized tether-management
systems can reduce these constraints [39]. In contrast, AUVs eliminate the tether but remain
constrained by onboard energy capacity, which continues to limit endurance. Subsea
docking stations (“garages”) have therefore been developed to enable recharging and data
transfer between missions, extending autonomous operation windows [24].

Deep-water or high-energy environments introduce additional complexity due to
fluid-structure interactions among the vehicle, tether, and support vessel. Wave-induced
loads can destabilize positioning and reduce availability. Modeling and simulation tools
allow evaluation of these couplings and the optimization of safe weather windows [30].
Field studies also show that placing tether connectors at greater depths reduces wave-
motion interference, improving operational continuity [39].

Recent analyses further emphasize that subsea environments impose unique chal-
lenges to perception and localization because of current irregularities, metallic interference,
and acoustic noise near turbine structures. These disturbances often degrade sonar map-
ping and sensor synchronization. While Section 5 details Al-driven and digital-twin-based
mitigation strategies, at the operational level, the lessons learned point to the need for
standardized calibration routines, adaptive filtering, and redundancy in navigation sensors
to ensure mission reliability under extreme marine dynamics.
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5. Integration with AI and Digital Twins

Artificial intelligence (Al) and digital twin (DT) technologies are emerging as pivotal
enablers of predictive, autonomous, and data-driven offshore maintenance. While ROVs
and AUVs provide the physical capability for underwater operations, Al and DT systems
supply perception, reasoning, and decision-making layers that transform raw sensor data
into actionable insights. This section presents the integration of Al-based perception
and control pipelines with digital-twin frameworks for offshore wind Operation and
Maintenance (O&M), consolidating the advances introduced in Section 4 [36,37].

Although the PRISMA-defined corpus provided the foundation for this review, a few
complementary studies were examined to contextualize emerging cross-domain develop-
ments, particularly in Al-driven perception and control for underwater robotics. These
additional sources address specific methodological innovations such as trajectory predic-
tion, sensor array modeling, and intelligent O&M monitoring that align directly with the
review’s thematic scope. Their inclusion serves purely analytical purposes, supporting the
conceptual synthesis of Al integration trends without affecting the systematic corpus or
quantitative synthesis [47-49].

5.1. Al Architectures for Subsea Inspection and Maintenance

One of the most transformative developments in subsea operations has been the
integration of deep learning and computer vision into inspection and maintenance routines.
Convolutional neural networks (CNNs) and lightweight detection models such as the YOLO
family [41] are trained to identify and classify critical components, including sacrificial
anodes, welds, and corrosion spots with real-time performance, even in turbid underwater
environments [27].

In line with best practices for underwater object detection, models are validated against
annotated datasets using standard detection metrics (e.g., precision/recall, mean average
precision, intersection over union) [27,41]. Figure 5 summarizes a minimal pipeline: Raw
video/sonar frames undergo pre-processing (denoising, contrast enhancement), feed a
CNN/YOLO backbone for feature extraction and classification, and produce detections
that inform mission-control logic for manipulation or path replanning. In practical terms,
subsea perception pipelines increasingly combine CNN-based feature extraction with
sequence models for temporal reasoning; when embedded with attention mechanisms
and metaheuristic hyperparameter tuning, these pipelines improve anomaly detection and
tracking robustness under turbidity and motion blur. In our corpus and complementary
sources, YOLO-type detectors support component-level detection, while BILSTM-based
forecasters address trajectory-level temporal dynamics.

Such architectures enable autonomous anomaly detection and localized decision-
making within the vehicle. In a 2024 industrial field trial at the Seagreen offshore wind
farm (Scotland), an Al-driven AUV achieved autonomous jacket-structure inspection,
reducing inspection time by up to 50% and enabling real-time data streaming and 3D asset
reconstruction [50]. This case illustrates how Al is evolving from a post-processing tool to
an embedded, mission-critical module capable of on-site reasoning.

Specifically, the NKOA-BiLSTM-TVA architecture couples a time-variable attention
mechanism with a nonlinear Kepler optimizer for hyperparameter search, using a CNN
front-end to encode spatial cues before temporal inference—yielding higher trajectory-
prediction accuracy than standard LSTM baselines in AUV drift scenarios [47].
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Figure 5. Conceptual synthesis based on methodologies discussed in FLOW-CAM and YOLO-based
detection frameworks [27,41]. Source: Authors’ elaboration.

Moreover, recent advances in machine learning have further increased subsea reliabil-
ity. Yao et al. [47] introduced an attention-enhanced BiLSTM model capable of predicting
the trajectory of a lost-control AUV, which could improve post-failure localization and
retrieval—relevant for emergency response and asset safety in offshore contexts.

5.2. Digital Twins for Predictive Maintenance and Control

The concept of a digital twin (DT) extends these Al capabilities by establishing a
bidirectional link between virtual models and physical assets. A DT continuously receives
live data from ROV /AUV sensors (e.g., visual/sonar cues and SHM indicators) and updates
the structural or operational state of an offshore wind turbine or subsea foundation [36,37].
In DT-enabled O&M, bidirectional data loops fuse multisensor inputs (video/sonar/SHM
indicators) with predictive estimators (e.g., RUL), enabling condition-based maintenance
and rapid waypoint/manipulation updates during missions [36,37].

This continuous feedback loop enables predictive simulations that estimate remain-
ing useful life (RUL) and maintenance priorities [36]. By comparing the real-time state
of the asset with its digital counterpart, operators can anticipate degradation and sched-
ule interventions proactively. Operational parameters, such as inspection waypoints or
allowable manipulator interactions, can be updated during missions, transforming preven-
tive programs into condition-based maintenance [37] (To maintain generality, the discussion
refers broadly to standard middleware and messaging interfaces used for synchronizing field data
streams and twin updates, consistent with current DT integration practices in renewable energy
systems [37]).

5.3. AI-DT Synergy and System Architecture

The AI-DT synergy can be organized as a three-layer closed loop: (1) Perception—multi-
sensor fusion with CNN/YOLO-based detection; (2) Reasoning—data assimilation and pre-
dictive modeling within the DT (e.g., SHM/RUL estimators) [36]; (3) Action—autonomous
control updates and manipulation/navigation commands. This tri-layered view aligns with
verification-and-validation best practices for DT-enabled assets in renewable energy [37].

Within this loop, Al-assisted hybrid modeling also extends to towed-array deployment
and environmental data capture, where learning-augmented physics improves outspread
stability and sensing continuity [48]. At the farm scale, IoT-driven platforms integrate
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predictive analytics and secure data architectures for smart O&M, providing a system-level
complement to AUV /ROV autonomy [49].

Additional innovations are strengthening this pipeline. Zhang et al. [48] reviewed
underwater towing cable arrays and argued that Al-assisted modeling could improve
deployment stability and environmental data capture, enabling better integration with
AUV-based sensing missions. Furthermore, Kou et al. [49] outlined how smart offshore
wind farms are progressively integrating IoT platforms, predictive analytics, and secure
data architectures to advance O&M, providing a macro-level complement to Al-enhanced
vehicle operations.

In this configuration, ROVs and AUVs act as intelligent agents within a broader
offshore digital infrastructure. Each mission contributes new datasets that refine AI models
and DT fidelity over time, accelerating learning cycles and improving decision support for
subsequent operations.

6. Sustainability and SDG Alignment

The deployment of ROVs and AUVs in offshore wind operation and maintenance
(O&M) contributes not only to technical efficiency but also to sustainability across the
economic, environmental, and social pillars. This section consolidates these contributions
under the ESG framework (Environmental, Social, and Governance) and the United Nations
Sustainable Development Goals (SDGs), especially SDG 7 (Affordable and Clean Energy),
SDG 9 (Industry, Innovation and Infrastructure), SDG 13 (Climate Action), and SDG 14
(Life Below Water).

Replacing large, crewed service vessels with autonomous or semi-autonomous systems
directly reduces OPEX and the levelized cost of energy (LCOE) [38,39].

Recent analyses indicate that the transition to robotic inspection and maintenance
allows shorter vessel time, lower fuel consumption, and fewer offshore transfers, producing
cost savings of up to 30% in typical O&M campaigns [38]. These improvements align with
SDG 9 by fostering innovation and industrial efficiency, while also supporting SDG 7 by
improving the economic viability of renewable energy generation.

ROVs and AUVs further enable predictive maintenance through Al and digital-twin
integration [36], reducing unscheduled downtime and extending asset lifetime. Such
practices strengthen the financial sustainability of offshore projects by minimizing risk
exposure and improving return on capital expenditure (CAPEX).

6.1. Environmental Performance and Climate Action

From an environmental perspective, the substitution of traditional vessel-intensive
operations with autonomous robotics significantly reduces fuel use and associated CO,
emissions [39].

Deng et al. [39] demonstrate that deploying ROVs from smaller offshore service vessels
(OSVs) through a single-point mooring system (SPMS) reduces both fuel consumption and
the carbon footprint, offering a direct contribution to SDG 13 (Climate Action).

ROVs and AUVs are also instrumental in environmental monitoring. By collecting con-
tinuous biodiversity and water-quality data, they support adaptive management strategies
and ecosystem-based assessments [22].

This capability ensures that offshore wind expansion remains compatible with marine
conservation goals (SDG 14, Life Below Water). Furthermore, resident or “garage” sys-
tems [34] minimize vessel travel frequency, reducing acoustic pollution and disturbance to
marine fauna.

Digital twins complement these practices by tracking cumulative environmental im-
pacts through time [36]. When integrated with real-time robotic data, DTs can facilitate
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transparent ESG reporting and support compliance with environmental standard regula-
tions, reinforcing the governance dimension of sustainability.

6.2. Social and Safety Dimensions

The social dimension of sustainability is equally relevant.

Autonomous and remotely operated systems substantially reduce the need for divers
and on-site personnel, mitigating exposure to high-risk marine conditions and lowering
accident rates [37]. This contributes to SDG 8 (Decent Work and Economic Growth) through
safer labor conditions and higher-quality employment.

The shift from physical to digital operations also promotes workforce upskilling.
Technicians increasingly transition toward competencies in robotics control, Al-based data
analysis, and remote mission supervision rather than manual offshore work.

This transition encourages the creation of specialized, knowledge-based employment
within the offshore renewable sector, supporting SDG 4 (Quality Education) and SDG 9.

6.3. Governance, Reporting, and ESG Integration

In addition to technical and environmental gains, the use of robotic and digital systems
strengthens governance by enabling standardized, auditable data flows. Through digital
twins and Al-based analytics, operators can quantify maintenance efficiency, energy use,
and emissions reduction, core indicators in ESG reports. Integrating these data streams
into corporate sustainability frameworks improves transparency, facilitates benchmarking
among operators, and supports alignment with global frameworks.

6.4. Integrated Sustainability Outlook

Overall, the integration of ROVs, AUVs, and digital-twin systems represents a tech-
nological evolution consistent with the environmental and social imperatives of the en-
ergy transition.

By merging operational efficiency with ecological stewardship and worker safety,
autonomous subsea systems establish a direct link between innovation (SDG 9), clean
energy production (SDG 7), climate action (SDG 13), and marine protection (SDG 14).
These synergies illustrate how offshore robotics serve as both an enabler and a validator of
sustainability in the global offshore wind industry.

Table 4 consolidates all studies retained after the full-text screening described in
Section 2. Each reference is categorized according to its primary technological focus,
analytical section within this manuscript, and main contribution to offshore wind O&M.
This comprehensive synthesis closes the systematic component of this review and precedes
the broader discussion in Section 7.

Table 4. Final set of studies retained after PRISMA screening, summarizing platform type, research
focus, and contribution to offshore wind operation and maintenance (O&M).

Refs. Platform/Focus Key Contribution (1-2 Lines for Quick Reference)
. Surveys inspection of floating offshore wind turbines with multirotor
[401 UAV/Review (FOWT) UAVs; outlines operational challenges and research gaps for aerial O&M.
[35] Multi-robot Formulates offshore wind 1ns.pect.1on asa mu‘lt}-robot c.overage—pa.th
problem and compares coordination and decision-making strategies.
[43] AUV + Support Vessels Presents a mixed-integer/ ALNSCP model for ship-deployed AUV routing

and scheduling, showing reduced total inspection time and cost.
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Table 4. Cont.

Refs. Platform/Focus Key Contribution (1-2 Lines for Quick Reference)
[42] UAV /USV /ROV/AUV /Review Re\.llews collaborative .unrr-lanrlled systems for offshore inspection,
maintenance, and repair, highlighting power and coordination challenges.
Integrates turbine-mounted IMU data with OceanRINGS+ control to keep
[44] ROV/Method ROV inspection trajectories synchronized with moving floating turbines.
[39] Work-class ROV Demonstrates lagnch apd recovery ofa Work-class ROV from a small
service vessel using a single-point mooring system.
[27] ROV /Al for Anode Detection Develo'p.s gnd validates a real-time vision pipeline fgr automated detef:tlon
of sacrificial anodes on offshore wind structures using transfer learning.
ROV//Digital Twin Intro.du(.:es a dlglta!-twm-er.labled ROV p.latfo.rrn for st.ru.ctural healt.h
[23,36] monitoring of floating-turbine cables, estimating remaining useful life for
(FLOW-CAM) o .
predictive maintenance.
[24] ROV /O&M Capabilities Deta1-ls ad-vanc'es in resident “garage dqcklr}g, cont.rol systgms and ‘
real-time imaging to enhance offshore wind inspection and intervention.
28] ROV /Structural Health Proposes automated SHM of wind-farm foundations using digital twin
Monitoring and sensor data integration for reliable detection in turbid water.
. . . Shows, via ROV surveys, that scour protections and turbine bases can
[22] Environmental/Biodiversity increase epibenthic biodiversity in North Sea wind farms.
ROV /ASV/Mission Develc?ps a nonlinear model of coupl.ed ASV—ROY lgunch .and recovery
[29] Modellin operations for autonomous offshore inspection missions, highlighting
& planning and control requirements.
[45] Support Analyzes hydrodynamic interaction of service vessels with nearby
Vessel/Hydrodynamics floating structures to improve safe launch and recovery of ROVs.
[46] Control/Predictive Navigation Appl}es nonhnear' model—pred}c.tlve control to improve ROV trajectory
tracking and manipulator stability under waves and currents.
[30] ROV/Mooring Systems Simulates ROV—operated disconnectable mooring connectors, showing
how deeper placement increases weather-window availability.
[34] Resident AUV /Docking Describes subsea docklr.lg and (.:hargmg garage concepts for persistent,
long-term autonomous inspections and maintenance.
Reviews current intervention-AUV technologies and key challenges for
[26] Intervention AUV /Review autonomous underwater manipulation, outlining requirements to reduce
diver-based maintenance.
[38] Robotics for Reviews how robotic and autonomous surface/underwater systems lower
O&M /Sustainability O&M cost and emissions by reducing crew-transfer vessel use.
Reviews current health-and-safety performance, injury statistics,
[37] Offshore Wind /Safety Review and regulatory frameworks in offshore wind, highlighting the need for
industry-specific safety legislation and improved reporting.
. Technological Overview, Demonstrates adaptation of commercial ROVs
[33] HROV/Reactive Sonar into hybrid ROV /AUVs (HROVs) using reactive sonar-based navigation
Control . .
in turbid waters.
Experimental and numerical analysis of dynamic umbilical tension during
[25] Maintenance/Launch & launch and recovery of ROVs in offshore wind O&M operations. Validates
Recovery Safety coupled vessel-umbilical-ROV hydrodynamic models and identifies safe
operational windows under wave—vessel interaction.
Development of an underwater cleaning ROV for offshore wind turbine
[31] Maintenance/Cleaning foundations using a systems engineering approach. Integrates mechanical,

power, HMI, and control systems.
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7. Discussion

The systematic synthesis of the twenty-three studies retained through the PRISMA
protocol reveals a rapidly evolving landscape in offshore wind operation and maintenance
(O&M), where robotic autonomy;, artificial intelligence, and digital twin integration are
redefining industrial practices. While individual studies demonstrate notable advances
in control, sensing, and mission design, the cross-domain analysis indicates persistent
barriers to large-scale and sustainable deployment, particularly regarding interoperability,
reliability, and long-term validation.

Across the corpus, three converging insights can be drawn. First, autonomous systems
do not replace human expertise but rather redistribute it, shifting operational focus toward
supervision, data interpretation, and mission-level decision-making. Mixed human-robot
configurations, as discussed in [35,42], are reported to enhance safety and operational
continuity by reducing direct human exposure and distributing workload across robotic
teams. Most studies, however, present qualitative evidence or conceptual analyses rather
than standardized safety or efficiency benchmarks, indicating that these benefits, while
promising, remain to be quantitatively validated under real offshore O&M conditions.
Second, the value of multi-platform coordination is evident. Combined architectures
enhance spatial coverage and inspection speed, yet interoperability remains limited by ad
hoc middleware and proprietary communication standards [40,43]. Third, the integration
of Al-based perception with digital-twin simulation has emerged as a foundation for
predictive maintenance and decision support in offshore renewables [36]. Validation
datasets remain scarce, and few studies provide uncertainty quantification or standardized
performance metrics.

Despite the solid progress in automation and perception, several research gaps remain
critical. Data scarcity continues to limit the generalization of AI models, which are often
trained on simulated or site-specific datasets lacking cross-environment validation under
variable turbidity, illumination, and hydrodynamic conditions. Energy autonomy also con-
strains resident AUVs and long-endurance ROV missions, as battery technology and subsea
recharging infrastructures remain at the experimental stage [34]. Interoperability across het-
erogeneous platforms is still constrained by communication challenges and environmental
limitations that are often overlooked in experimental prototypes [35]. At the fleet-planning
level, cooperative optimization approaches improve coordination efficiency but continue
to rely on simplified assumptions about communication and energy constraints rather than
standardized middleware implementations [24,43]. Even more concerning is the lack of
standardized reliability benchmarks and verified long-term performance data. Although
recent reviews summarize operational failures and incident trends in subsea systems [37],
quantitative reliability statistics remain scarce across the literature. Socio-environmental
evaluation also remains underexplored: while diver safety and emission reductions are
well documented, potential acoustic impacts, seabed disturbances, and end-of-life material
recycling have received limited attention.

When viewed through the lens of the Sustainable Development Goals (SDGs), the re-
viewed literature demonstrates clear alignments between technological innovation and
sustainability objectives. Under SDG 7 (Affordable and Clean Energy), robotic inspec-
tion and predictive maintenance directly reduce O&M costs and downtime, lowering the
levelized cost of energy (LCOE). Under SDG 9 (Industry, Innovation, and Infrastructure),
advances in mechatronics, Al, and DT integration strengthen industrial resilience and
promote innovation in digital offshore infrastructure. SDG 13 (Climate Action) is addressed
through the replacement of large crewed service vessels with autonomous units, reducing
CO; and NOy emissions across maintenance cycles. Finally, SDG 14 (Life Below Water)
benefits from the expansion of resident robotic monitoring and biodiversity mapping,
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which enhance ecosystem understanding while minimizing diver interference with marine
fauna. Collectively, these synergies position subsea robotics not only as a technological
enabler but also as a direct contributor to climate and ocean sustainability.

Looking ahead, several research directions emerge from the gaps and future per-
spectives identified across this review [34,35,37,40,42]. Priority efforts should focus on
explainable and adaptive Al capable of real-time learning in dynamic marine environments;
persistent energy autonomy through inductive charging and renewable-powered dock-
ing [34,42]; and standardized interoperability supported by open communication protocols
and shared simulation environments [35,40]. Equally important is the establishment of
harmonized reliability benchmarks aligned with ISO and DNV standards to enable certified,
industry-ready offshore robotic systems. These directions define a coherent roadmap for
the next five years of research and technological maturation in offshore robotic O&M.

8. Conclusions

The reviewed literature confirms that robotic systems are rapidly transforming off-
shore wind operation and maintenance (O&M) through enhanced autonomy, perception,
and sustainability integration. ROVs and AUVs now form the backbone of digital offshore
infrastructure, improving safety, reducing environmental impact, and enabling predictive
maintenance. Despite these technological advances, several open challenges persist that
hinder full-scale industrial deployment and long-term sustainability assessment.

A consistent pattern across the reviewed corpus reveals three central research gaps:
(i) Most developments remain validated only in laboratory or short-term pilot settings;
(ii) Data interoperability across UAV, USV, ROV, and AUV platforms is still fragmented;
(iii) The absence of standardized reliability indicators and fault-classification protocols
prevents objective benchmarking and certification. These limitations restrict reproducibility
and delay the consolidation of best practices for autonomous O&M systems. Building on
these findings, future research should prioritize long-term offshore trials, open communi-
cation frameworks, and harmonized reliability benchmarks aligned with ISO and DNV
standards to enable certified, industry-ready robotic solutions.

In summary, ROVs and AUVs have transitioned from supportive inspection tools to
central components of an integrated, digital, and sustainable offshore ecosystem. Their
fusion with Al-driven analytics, digital-twin frameworks, and cooperative robotic networks
marks the onset of a new operational paradigm characterized by autonomy;, resilience,
and environmental accountability. By reducing human exposure to hostile environments,
lowering logistical dependence on large vessels, and enabling continuous inspection and
predictive maintenance, these technologies contribute directly to safer and more efficient
operations. Beyond technical innovation, subsea robotics also reinforces the environmental
and social commitments of the offshore wind sector, supporting lower carbon footprints,
biodiversity monitoring, and safer working conditions. Altogether, these advances point to-
ward an offshore energy sector that is more autonomous, distributed, and environmentally
responsible and sustainable pillar of the future energy mix.
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