U.S. DEPARTMENT OF

ENERGY

Office of
ENERGY EFFICIENCY &
RENEWABLE ENERGY

An Operations and Maintenance
Roadmap for U.S. Offshore Wind

Enabling a Cost-Effective and Sustainable U.S. Offshore

Wind Energy Industry Through Innovative Operations and
Maintenance

May 2024




An Operations and Maintenance Roadmap for U.S. Offshore Wind

Disclaimer

This work was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, nor any of their contractors, subcontractors or their employees, makes any warranty,
express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or any third party’s use or the results of such use of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement,
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Executive Summary

The United States is currently experiencing rapid growth in the offshore wind energy market,
with a pipeline of over 52 gigawatts (GW) (Musial et al. 2023), coupled with state targets of 112
GW. Even considering future wind turbine sizes, this amount represents thousands of new wind
turbines installed in a diverse set of environments, each with unique challenges in design,
installation, and maintenance. While much can be learned from European and Asian experience
with offshore wind energy over the past two decades, it is important to understand the
circumstances of the United States. This report explores operations and maintenance (O&M) of
offshore wind energy for the United States, based primarily on other countries’ experience but
also including U.S.-specific considerations (e.g., highly varied climates, ambitious domestic
deployment goals, lack of a sufficiently large and skilled workforce with offshore wind
experience, and limited vessels for maintenance). The report also provides a roadmap for needed
activities to ensure reliability and cost-effectiveness of future installations.

The roadmap was informed through dozens of interviews and a few stakeholder engagement
activities representing a wide cross section of the industry, including representatives from
original equipment manufacturers, owner/operators, consulting companies, certification
agencies, service providers, and researchers. The top O&M challenges identified for offshore
wind energy in the United States include:

e Increase of component and wind turbine size at a fast pace: Offshore wind turbines
are getting bigger (e.g., 15-22 megawatts), with new turbine models introduced at a fast
pace (e.g., every 2 to 3 years or less). As a result, a lot of newer offshore wind projects
are built using turbine technologies that are not fully matured. This lack of maturity can
lead to high finance, reliability (e.g., premature component failures), and safety risks. For
the newest turbine technologies on the market, too few turbines may be installed and
these may have limited time in operation, making it hard to identify reliability issues and
solutions. As a result, there is a need to quantify uncertainty with new technologies to
better support financial and O&M decision-making.

e Unplanned maintenance: Unplanned maintenance can lead to costs that are often not
accounted for during the development stage of a wind energy project, and can also lead to
expensive repairs. As a result, there is a need to reduce the frequency of major
component overhauls or replacements throughout a wind turbine’s design life, and to
consider maintainability as a metric during the turbine design or project development
stage.

e Inconsistent objectives for wind turbine manufacturers, wind plant developers, and
wind plant owners: Wind turbine manufacturers and wind plant developers are
responding to market conditions driven by site suitability and financial conditions. This
leads to a focus on production and development over a shorter time window (e.g., 5
years) with less consideration of O&M costs or risks throughout the entire life of the
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turbines or projects. Wind plant owners, on the other hand, need to minimize O&M costs
and maximize turbine reliability and project revenue over a much longer time window
(e.g., 20-25 years) or throughout the entire life of a project. Another factor making the
dynamics among wind turbine manufacturers, developers, and owners more complex is
warranty or service contract terms.

e Low data processing efficiency, lack of standardization, and lack of confidence in
models developed using data: With many sensors and a large amount of data from
offshore wind turbines and plants, there is a huge potential to use advanced digital and
data analytics technologies to gain insight into asset performance and site conditions.
However, there is a lack of standardized or recommended practices, which are important
for improving data processing efficiency. In addition, various models developed using
data (e.g., machine-learning algorithms) are challenged with gaining trust from end users
due to the lack of explainable connections with the underlying physics that these models
are supposed to describe.

e Floating offshore wind technologies with more dynamic loading conditions and
components: In addition to wind turbines, attention also needs to be paid to floating
offshore wind support structures. The whole system is subject to combined dynamic
loads caused by both wind and wave conditions. Therefore, adding more components
(e.g., mooring lines, dynamic cables, and active ballast systems) makes the O&M for
floating offshore wind technologies more challenging. Although there are many lessons
that can be learned from the oil-and-gas industry in this area, the economics of offshore
wind are different, and this is reflected in lower O&M budgets.

e Permitting, marketing, supply chain, and workforce challenges: Permitting is an
extensive but important process in ensuring compliance with worker health and safety
and environmental regulations. Yet, requirements in different markets can add extra
costs. For example, lack of service vessel availability can lead to high O&M costs.
Limited and costly rare earth materials or parts can pose high supply chain risks. Finally,
there is a limited workforce with little offshore wind O&M experience.

To address these challenges, we recommend the following research and development (R&D)
topic areas:

¢ Failure analysis and mitigation: This topic area includes investigating and
characterizing fundamental material properties that govern degradation processes for
mission-critical wind turbine or balance-of-plant components and can be used in
component design, prognostic operations, and end-of-life decision support (e.g.,
decommission, life extension, or recycling). The topic area also includes modeling and
analysis research that considers component reliability degradation, potential repairs or
prevention methods, as well as developing and validating various methodologies and
tools.
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e Monitoring, sensing, and inspection: This topic area includes either continuous data
acquisition using permanent instrumentation on the wind turbine and balance of plant, or
periodical data acquisition using anything from turbine-mounted sensors to a full suite of
monitoring or inspection solutions.

e Maintenance execution: This topic area involves various activities that enable wind plant
maintenance, which is determined based on wind turbine or balance-of-plant component
conditions. Also included are training or R&D activities to help address future workforce
or logistics needs for performing maintenance. This topic area also covers analyzing,
evaluating, and implementing various maintenance strategies that are based on
inspections, monitoring, modeling, and analysis to minimize costs and maximize safety,
performance, and reliability.

e Design optimization considering reliability and O&M: This topic area includes the
methodologies and tools needed for new offshore wind turbine or plant design by
considering reliability, O&M needs, and comprehensive costs (e.g., parts, labor, and
vessels) throughout the entire lifecycle of the wind turbine or plant. Based on historical
experience of certain turbines or balance-of-plant components, new solutions can be
developed with improved performance and maintainability at a lower cost. One critical
piece for this topic area to be successful is the feedback loop from the field to the wind
turbine or component designers and manufacturers so that quality of future products they
deliver to the industry can be improved.

e Prognostics, health management, and O&M optimization: By targeting mission-
critical components (e.g., blades, drivetrains, towers, and support structures), this topic
area focuses on modeling and analysis for anomaly detection, fault diagnostics,
prognostics, O&M optimization, and decision-making to support O&M needs during both
project development and operations.

¢ Digitalization, robotics, and automation: This topic area includes the use of digital
technologies to improve existing or enable new business processes; provide opportunities
to increase project value and revenue; employ robotics for wind plant O&M; and automate
tasks traditionally done by people to reduce technician health and safety risks.

e Standards and recommended best practices: This topic area covers industry standards
and recommended best practices that are needed for offshore wind O&M.

¢ Experimentation and demonstration: This topic area includes various scales of wind
turbine or plant testing, from the lab and prototype to full scale. These activities are
extremely valuable in helping reduce risks with O&M innovations through validation.

Various R&D activities under each topic area are recommended in this roadmap. Research
institutions in the public sector will be most effective at conducting the recommended R&D
activities by:

¢ Engaging in fundamental research, technological development, and proof-of-concept
demonstrations
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e Conducting lower technology readiness level (TRL), fundamental R&D, or applied R&D
to help move technologies from lower TRLs to medium or higher TRLs

e [Lecading consortia to bring together a broad range of stakeholders, from designers to
owners and operators

e Developing testing facilities and pilot projects and performing experiments and
demonstrations

The efforts of the research community should be complemented by the activities in the private
sector. These may include:

e Evaluating, demonstrating, and commercializing technology
e Performing higher-TRL activities that help transfer the R&D outcome to market
¢ Providing guidance on industry needs

e Sharing data or facility access (e.g., wind turbines or plant as a pilot) for technology
demonstration

¢ Using experimentation and demonstration facilities owned and operated by the public
sector

Through dedicated efforts in the topic areas and various R&D activities as identified in the
roadmap, the U.S. offshore wind energy fleet can become more cost-effective and sustainable
with enhanced performance, reliability, and lifespan.
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Introduction

1 Introduction

The United States is at the beginning of an anticipated wide-scale deployment of offshore wind
energy. The wind energy industry has grown significantly over the past 4 decades, with over

144 gigawatts (GW) of installed capacity on land and comprising 10% of electrical generation in
the United States at the end of 2022 (Wiser et al. 2023). Moving offshore entails changes in the
lifetime economics of wind plants, as well as new and increased risks. Perhaps chief among these
risks are the challenges of performing already difficult and costly operations and maintenance
(O&M) activities at sea. Although much can be learned from European offshore wind energy
experience over the last 30 years, and that of Asia more recently, U.S. installations will differ in
terms of resource, geography, weather, logistics, environmental concerns, and markets. In
offshore O&M, the United States can also draw from offshore oil and gas and other marine
operations. Integrating industry experiences and the unique conditions that shape U.S. offshore
wind O&M into a comprehensive research and development (R&D) strategy will enable
researchers in government, academia, and industry to effectively address short-, medium- and
long-term high O&M cost challenges to offshore wind deployment and improve the health of this
rapidly growing industry. This roadmap can contribute to the vision described in the 2023
Advancing Offshore Wind Energy in the United States report by the U.S. Department of Energy
(DOE) (DOE 2023), namely that offshore wind energy is not only a critical part of the nation’s
decarbonized economy and climate solution, but is also developed in a way that is economic,
reliable, sustainable, just, and timely (Figure 1). The Advancing Offshore Wind Energy in the
United States strategy also highlights installation and O&M innovation needs (e.g., installation
techniques to accommodate larger wind turbines and reduce transportation risks, intelligent
operations enabled by refined simulation and monitoring, and remote and autonomous
maintenance) to ensure safety, reduced costs, and lessened impacts on the ocean environment.

Visi A FUTURE IN WHICH OFFSHORE WIND IS A CRITICAL PART OF THE NATION'S DECARBONIZED
ISION  Encray SECTOR AND CLIMATE SOLUTION. A FUTURE IN WHICH OFFSHORE WIND PROMOTES:

Economic + Cost-competitive generation and a high-value energy option
- + Lasting, good-paying, and meaningful employment
II] - The global export of components and services
« LS. leadership in design, man ing, and depl 1t of floating offsk wind.
Reliable « Utility-scale power production in proximity to coastal load centers
O * Resilient and reliable inf
= « Carbonfree production of alternative fuels and energy storage systems.
SHS‘I.EII'IBIJ'B, * Reducti in greenk Eas emissi air pollution, and water consumption
J“St! & + Development that avelds, minimizes, and mitigates impacts on living marine resources and habitats.
TilTIBly + Design for circular economy practices that use recyclable materials
@ + Financial and employment benefits and decision-making opportunities for local and underserved
communities

* Maximized ocean co-use that considers other economic and environmental needs, including
fisheries and tribal interests

+ Coordinated and efficient permitting and expanded leasing opportunities.

Figure 1. All-of-government offshore wind energy vision (DOE 2023)
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1.1 Purpose

This report presents an industry and academia-informed roadmap for needed activities, with a
focus on R&D of new operations and maintenance technologies and processes to enhance the
cost-effectiveness, efficiency, performance, and reliability of O&M at offshore wind sites. The
complimentary roles that the public or private sectors play in the recommended activities will be
briefly discussed.

1.2 Background

This roadmap leverages land-based wind plant O&M experiences and related offshore wind
roadmaps and projects to focus on O&M challenges applicable to the U.S. offshore wind energy
market, including floating technologies. The roadmap time horizon goes to 2035, which exceeds
most previous research and innovation roadmaps (NOWRDC 2023; ETIPWind 2020),and
categorizes potential R&D efforts as short term (now-3 years), medium term (~ 4-7 years), and
long term (~ 8-12 years). Additionally, this roadmap highlights public-sector R&D investment
opportunities based on the following considerations:

e High risk and high reward opportunity

e Fundamental R&D with longer development times or applied R&D to help speed up
technology adoption and deployment

e Challenges not typically addressed by the private sector alone.

1.2.1 Maintenance Strategies

In this roadmap, we categorize maintenance into five strategies, which were adapted from
literature and industrial practices based on the definitions and discussions in (Peycheva 2019;
Hanly n.d.): corrective (or reactive), preventative, condition-based, predictive, and prescriptive,
as shown in Table 1. For the latter three strategies, it is necessary to conduct health monitoring of
mechanical and structural components, use advanced data analytics for anomaly detection,
employ fault diagnostics and prognostics, and have access to a well-maintained database with
failure and usage history. Both condition and structural health monitoring can be accomplished
based on existing (e.g., supervisory control and data acquisition system) or dedicated (e.g.,
accelerometers) instrumentation. The monitoring can be continuous through permanently
installed sensors, or periodic through inspections. All these strategies can be executed for wind
turbine or balance-of-plant components. Which one is appropriate for a component of interest
can be decided through a reliability-centered maintenance analysis (General Electric 2020). A
typical wind plant needs to adopt a comprehensive set of maintenance strategies, from corrective
to condition-based maintenance (CBM), predictive, or prescriptive, due to the various degrees of
criticality and risks from different types of failures associated with many turbines and
components.
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Table 1. Maintenance Strategies

Strategy Summary Setup Cost Advantages
Corrective Repair after a breakdown or failure has Low The best strategy for low-
(or Reactive) | occurred priority equipment
Preventive Maintenance is scheduled on a regular basis in Medium Best strategy to implement
advance either based on time or usage before a without detailed knowledge
failure occurs of component condition
Condition- Maintenance on an as-needed basis based on High Timely condition
Based equipment condition evaluated through monitoring provides many
measurement, observations, modeling, and insights into asset’s
data analytics behavior and its projection
Predictive Use sensors and data to detect trends in the High Earlier detection of failure
health of a system and predict when failure will than condition-based and
occur more cost savings
Prescriptive | Use sensors, data, and advanced analytics High Earlier detection of failure
(based on modeling, analysis, and database, than predictive, substantial
and so on) to determine root causes of a cost savings, and highly
potential failure so specific corrective action effective
can be prescribed

Maintenance can also be categorized as scheduled and unscheduled. Reactive maintenance can
normally be considered as unscheduled, while scheduled maintenance can include preventative,
condition-based, predictive, and prescriptive maintenance. Depending on whether a heavy-duty
crane is used, the maintenance can also be separated into up-tower repairs that do not need a
heavy-duty crane and down-tower major component replacements where heavy-duty cranes are
needed.

1.2.2 Land-Based vs. Offshore Wind Operations and Maintenance

There are similarities between land-based and offshore wind applications. Both land-based and
offshore wind turbines typically operate in variable conditions, such as changing wind speeds
and directions; intermittent operation with many starts and stops; and transient and sometimes
high loads from wind, the grid, and emergency stops. Wind turbines are also typically placed in
remote locations, which can be challenging to access for maintenance. This limited accessibility
is in addition to harsh environmental conditions, such as exposure to contamination and wear
from dust and debris (e.g., sand, dirt); wide temperature ranges with the environmental
temperature reaching about —30° Celsius (C) and drivetrain temperatures reaching about +100°C;
high humidity and water ingress; nacelle and blade icing events; and lightning strikes. Both land-
based and offshore wind turbine components can experience complex failure modes. At the plant
level, balance-of-plant system components can also fail in dramatically different ways.

Land-based wind energy in the United States is a mature industry, and as such, plenty of lessons
learned can be transferred to offshore wind energy. However, there are some unique features
with offshore wind O&M in contrast to land-based plants:
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e Accessibility. Offshore wind accessibility depends on vessels or helicopters and can be
dramatically reduced due to wind and waves, farther distance from shore, and ice over
water for certain regions. There are extensive logistical concerns unique to the marine
environment, including safety risks during personnel transfer from service vessels to
fixed or floating platforms. The cost of failure is also higher, as even a very low-cost part
(e.g., a cooling fan in a converter cabinet) can be expensive to replace due to difficult
accessibility. In addition, undersea cables and structures could become exposed by scour
and are much harder to monitor and maintain due to the offshore water environment than
cable infrastructure on land.

e Environmental. Offshore environments have additional and/or increased environmental
hazards, such as salt spray, humidity, and lightning.

¢ Scale. Offshore wind turbines are and will likely continue to be larger than land-based
turbines due to the economics of developing offshore wind and easing of transportation
constraints. The increased scale creates additional challenges with component inspection,
maintenance, and repair.

¢ Electrical infrastructure. Cables between wind turbines and the offshore or onshore
substation and grid are underwater and not only subject to loads from waves but have a
higher risk of damage than land-based wind plants. An offshore substation poses unique
challenges as well, such as needing its own foundation or supporting structure.

1.2.3 Distinct Challenges with Floating Offshore Wind Operations and Maintenance

Floating offshore wind systems introduce several distinct challenges in terms of O&M compared
to fixed-bottom designs. First, the support structure being flexible with dynamic forces from
marine environment results in greater dynamic motion, leading to increased uncertainties in load,
which can be a long-term risk factor. The increased load necessitates careful monitoring and
maintenance to ensure structural integrity. This topic is addressed in detail in Section 3.3.

Additionally, the dynamic motion of the support structure poses difficulties for maintenance
activities, requiring specialized access and work procedures. Accessing and performing
maintenance on floating systems often involves floating-to-floating operations, which demand
specialized vessels equipped with motion compensation to improve stabilization and enable fast
and reliable service year-round. Alternatively, towing the platforms back to shore for
maintenance is an option, although this approach is costly because of the time needed for
disconnection, towing, and reconnection, as well as the challenge of finding suitable weather
windows for safe operations. A complication with towing is that it may potentially introduce
additional fatigue to the turbine and floating substructure, and the frequency of towing should be
optimized by considering the fatigue load impacts. Mooring lines and active ballast systems need
attention as they are completely new for floating offshore wind with unique failure modes.
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Furthermore, floating offshore wind turbines feature electrical cables that hang from the floating
substructure rather than being secured to the foundation. These cables experience increased
motion and must be designed, monitored, and maintained accordingly to ensure proper
functionality.

The operation of a floating offshore wind plant also presents unique challenges. Control systems
must maintain platform stability to limit dynamic motion. The control system’s ability to
influence system dynamics enables load reduction and innovative turbine positioning within the
wind plant, potentially improving overall plant-level performance and reliability. Ongoing
research in this area aims to identify specific cost or turbine component life-saving opportunities
in the operation of floating offshore wind plants (Kang et al. 2017).

Floating offshore wind will also be subject to challenges regarding port availability when being
towed to shore for major maintenance, as the number of ports with the necessary water depths
and height clearance in sheltered waters is limited. Port depth requirements will be determined
by the type of floating platform used in nearby offshore wind plants in which the port is expected
to service. In 2023, one turbine in the Kincardine floating offshore wind farm, 10 miles off the
coast of Scotland, was towed to Rotterdam, over 400 miles away, due to lack of an available
local port with the quayside cranes capable of handling major maintenance for the turbines
(Thomas 2023). The Hywind Scotland project, commissioned in 2017 with five turbines and
rated capability of 30 megawatts (MW), plans to have significant maintenance done in 2024 by
towing the turbines to Wergeland Port in Norway through a close collaboration with the turbine
manufacturer Siemens Gamesa (Muthoni 2024). During this period, the plant is expected to be
down for 3 to 4 months. The lessons learned can help shape future offshore wind energy projects.

1.2.4 Brief Overview of Related Roadmaps or Projects

There are several related offshore wind roadmaps that are briefly reviewed in this subsection and
summarized in Table 2:

e The National Offshore Wind Research and Development Consortium (NOWRDC)
developed their first R&D roadmap in 2018 and regularly revise the document to
incorporate stakeholder feedback and market changes. The latest version is 4.0
(NOWRDC 2023). The scopes of the NOWRDC R&D roadmaps encompass a broad
range of R&D topics, with O&M as one focus of its third research pillar, which also
covers installation and supply chain. The time horizon of each roadmap version is 7 years
out. In NOWRDC’s latest roadmap, O&M research and development topics include
innovations (e.g., offshore wind digitalization through advanced analytics), O&M
strategies and tools (e.g., drones or robots), and floating wind O&M (e.g., moorings and
anchors). The NOWRDC roadmap also provides sample project ideas, which will be
referred to in later sections of this roadmap where applicable.

e The European Technology & Innovation Platform on Wind Energy (ETIPWind)
developed a roadmap dedicated to O&M in 2020 (ETIPWind 2020a); however, it is not
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specific to offshore. Topic areas were further categorized by priority: high and medium.
R&D topics highlighted included automation; robotics and big data analytics;
cybersecurity; as well as innovations (e.g., digital technologies) enabling performance
improvement at the lowest possible cost (seen from a lifetime point of view); condition
monitoring technology improvements; and minimization of staffing interventions.
Lifetime assessment and condition monitoring, as well as digital tools for control and
monitoring, were considered high priorities in the near term, and dynamic cable repair
solutions, digital solutions for smart operations, and predicting environmental parameter
predictions were considered high priorities in the medium term. For medium-priority
areas, the near-term focus was on robotic inspection and repair methods, while the
medium-term focus was on decommissioning strategies and technology, as well as
solutions for operating in extreme conditions. Digitalization was a high priority for both
the near and medium terms. In the medium term, component reliability and plant
decommissioning were considered medium priority.

e The United Kingdom’s Offshore Wind Innovation Hub developed a roadmap that is
interactively accessible online and updated at least every 6 months. The scope covers
offshore-wind-related topics. Specific to O&M, the topic areas are organized according to
stages of the wind farm life cycle (Offshore Wind Innovation Hub n.d.-a). Operations
priorities were categorized as commercial and strategy, coordination and people, and
assets and technical. This roadmap considers a relatively longer time horizon (into the
2030s), and priorities include human robot interface techniques, next-generation vehicles
(e.g., autonomous, reducing crew transfer costs), automated data processing, and non-
diver-based substructure inspection. Maintenance priorities cover both service and
reactive maintenance. The priorities for service by the end of 2023 include statutory
inspections to decrease variations among countries along with planning via smart tools,
and by the end of 2028, automated servicing. Under reactive maintenance, the focuses by
the end of 2023 include condition monitoring systems and machine learning (ML) for
component fault prognosis, and novel heavy-lift systems, and into the 2030s include
autonomous systems for subsea surveys, as well as external blade and internal nacelle
repairs and interventions.

e For floating offshore wind energy, there are 211.4 MW installed around the globe as of
2023 (Musial et al. 2023); however, that will increase dramatically in the upcoming
decade. A recent roadmap from Offshore Wind Innovation Hub on floating offshore
(Offshore Wind Innovation Hub n.d.-b) was released. There were a few topics laid out
under O&M (i.e., O&M strategy for dynamic floating conditions, balance-of-plant
condition monitoring, floating substructure lifetime assessment, major component change
strategies, and access and egress). There were several other resources (ETIPWind 2020b)
addressing floating offshore wind technology O&M research and development needs.
The World Forum Offshore Wind released reports on major component replacements for
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floating offshore wind technologies (World Forum Offshore Wind 2021, 2023) and
highlighted innovation opportunities. These opportunities include novel connect-
disconnect solutions for mooring lines and dynamic cables for off-site service, as well as
crane technologies to support on-site services. The European Union’s COREWIND
project published a report (Schwarzkopf et al. 2020) that systematically outlines floating-
wind-specific O&M requirements and monitoring technologies. They highlighted the
importance of considering that floater motions not only influence accessibility but also
ability for technicians to work, impacting O&M. Two other O&M innovation trends
identified were risk-based inspections, and subsea-residential or remotely operated
vehicles (ROVs) to replace divers.

Most of these efforts emphasized logistics needs, such as vessels with increased availability
enabled by either handling higher wave heights or a larger supply for both fixed-bottom and
floating offshore wind energy, crane-less maintenance, and assurance of technician safety. As
summarized in Table 2, another common thread is robotics and automation, minimizing human
interventions, along with the need for cybersecurity, as increased volume and types of data
collection and transmission, especially wireless, are expected in offshore wind. A few other
common topic areas center around digitalization, performance, and reliability improvements, and
condition monitoring. For floating offshore wind, dynamic cables and mooring lines need special
attention in terms of monitoring/inspection and may need novel service solutions. The current
effort will take a different timeline by targeting the U.S. offshore wind energy market and the
focus will be on R&D and technology innovation opportunities, not logistics, although some
related activities will be briefly touched on.

Table 2. Summary of Related Roadmaps or Projects?

Effort Timeline Targeted Dedicated Offshore Key O&M Inr!ovation- Update
Market to O&M Only Related Topic Areas Intervals
NOWRDC Digitalization through
Roadmap 4.0 2023- United No Ves advanced analytics; O&M 1to2
2030 States strategies and tools; years
floating offshore wind
ETIPWind Automation; robotics and
Roadmap: big data analytics;
Opgrations & 2020- Europe Ves No f:ybersecurity; perfo-rr.nance
Maintenance 2024 improvement; condition

monitoring; minimized
human interventions

Offshore Wind . Automation; data
) 2023- United . . . >6
Innovation Hub No Yes engineering; sensing;
months
Roadmap

control optimization; life

20307 Kingdom

! For floating offshore, no related roadmaps dedicated to O&M available, so two project reports were included. As a
result, timeline and updated intervals are not applicable.

2 Most of activities covered by the Offshore Wind Innovation Hub roadmap end before 2030 with a few exceptions
(e.g., automated data processing) forecasted to end by 2040.
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Targeted Dedicated Offshore Key O&M Innovation- Update

Effort Timeline

Market to O&M (01411 Related Topic Areas Intervals
management; monitoring;
digital twins; smart
maintenance planning;
automated service;
decommissioning

Floating: Major Novel connect-disconnect
Component solutions for mooring lines
Replacements by World Ves Ves a.nd dyn:.jmic cables for off-
World Forum site service, as well as crane
Offshore technologies to support on-
site services
Floating: Floater motions not only
COREWIND impact accessibility but also
Identification of workability of technicians;
o&M Europe Yes Yes risk-based inspections, and
Requirements subsea-resident, remotely
and Monitoring operated vehicles are
Technologies trending
O&M Roadmap Not focused on logistics;
for U.S. Offshore R&D and technology-
Wind (Current 2024- United Ves Ves innovations-focused,
Project) 2035 States including floating;

fundamental to applied,
higher risks, longer timeline

1.3 Roadmap Development Process

This roadmap was developed in three phases. Phase 1 focused on semi-structured stakeholder
interviews, mostly in one-on-one settings, to collect raw inputs around a few questions (see
Appendix A) designed to serve the development of this roadmap. Additional questions were
defined based on the interview input collected during Phase 1. Phase 2 leveraged opportunities at
industry workshops or forums through interactive sessions surveying the audience and getting
their responses to the questions defined during Phase 1. Phase 3 activities included literature
reviews, specific documentation, and expert feedback collection on the draft roadmap before it
was finalized.

In total, nearly two dozen interviews were conducted. They represent various sectors of the
industry (e.g., original equipment manufacturers (both wind turbines and components), offshore
wind plant developers or owners/operators, researchers, and consultants). These stakeholders are
distributed roughly even as shown in Figure 2 (a). Also, 71% of them are from industry while
29% are from academia, as shown in Figure 2 (b).
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Figure 2. Entities represented by interviewees

Two interactive engagement sessions were organized. One was at DOE, the National Renewable
Energy Laboratory, and Argonne National Laboratory annual drivetrain reliability workshop
held in Golden, Colorado, in February 2023. There were about 170 attendees, roughly 90% from
industry, most of whom are involved in O&M of land-based-wind plants. The other session was
at the offshore wind O&M forum held in Berlin, Germany, in March 2023. There were about 45
attendees, representing different roles ranging from wind turbine manufacturers and offshore
wind service providers to independent consultants or researchers, most of whom are involved in
offshore wind plant O&M.

Feedback collected through all three phases was used to inform the topic areas identified in
Sections 3 and 4, and recommended actions in Section 5 of this roadmap.

1.4 Top O&M Challenges

Findings from these stakeholder engagement activities conducted during Phases 1 and 2 were
presented at the International Offshore Wind Partnering Forum hosted by the Business Network
for Offshore Wind in Baltimore, Maryland, in March 2023. The project team organized a
technical presentation and a panel discussion at the forum. The top O&M challenges identified
for offshore wind energy in the U.S. market include the following:

¢ Increase of component and wind turbine size at a fast pace: Offshore wind turbines
are getting bigger (e.g., 15-22 megawatts), with new turbine models introduced at a fast
pace (e.g., every 2 to 3 years or less). As a result, a lot of newer offshore wind projects
are built using turbine technologies that are not fully matured. This lack of maturity can
lead to high finance, reliability (e.g., premature component failures), and safety risks. For
the newest turbine technologies on the market, too few turbines may be installed and
these may have limited time in operation, making it hard to identify reliability issues and
solutions. As a result, there is a need to quantify uncertainty with new technologies to
better support financial and O&M decision-making.

¢ Unplanned maintenance: Unplanned maintenance can lead to costs that are often not
accounted for during the development stage of a wind energy project, and can also lead to
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expensive repairs. As a result, there is a need to reduce the frequency of major
component overhauls or replacements throughout a wind turbine’s design life, and to
consider maintainability as a metric during the turbine design or project development
stage.

e Inconsistent objectives for wind turbine manufacturers, wind plant developers, and
wind plant owners: Wind turbine manufacturers and wind plant developers are
responding to market conditions driven by site suitability and financial conditions. This
leads to a focus on production and development over a shorter time window (e.g., 5
years) with less consideration of O&M costs or risks throughout the entire life of the
turbines or projects. Wind plant owners, on the other hand, need to minimize O&M costs
and maximize turbine reliability and project revenue over a much longer time window
(e.g., 20-25 years) or throughout the entire life of a project. Another factor making the
dynamics among wind turbine manufacturers, developers, and owners more complex is
warranty or service contract terms.

e Low data processing efficiency, lack of standardization, and lack of confidence in
models developed using data: With many sensors and a large amount of data from
offshore wind turbines and plants, there is a huge potential to use advanced digital and
data analytics technologies to gain insight into asset performance and site conditions.
However, there is a lack of standardized or recommended practices, which are important
for improving data processing efficiency. In addition, various models developed using
data (e.g., machine-learning algorithms) are challenged with gaining trust from end users
due to the lack of explainable connections with the underlying physics that these models
are supposed to describe.

e Floating offshore wind technologies with more dynamic loading conditions and
components: In addition to wind turbines, attention also needs to be paid to floating
offshore wind support structures. The whole system is subject to combined dynamic
loads caused by both wind and wave conditions. Therefore, adding more components
(e.g., mooring lines, dynamic cables, and active ballast systems) makes the O&M for
floating offshore wind technologies more challenging. Although there are many lessons
that can be learned from the oil-and-gas industry in this area, the economics of offshore
wind are different, and this is reflected in lower O&M budgets.

e Permitting, marketing, supply chain, and workforce challenges: Permitting is an
extensive but important process in ensuring compliance with worker health and safety
and environmental regulations. Yet, requirements in different markets can add extra
costs. For example, lack of service vessel availability can lead to high O&M costs.
Limited and costly rare earth materials or parts can pose high supply chain risks. Finally,
there is a limited workforce with little offshore wind O&M experience.
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Please note this is not an extensive or fully inclusive list but rather the collective observations
gathered from stakeholder engagements. This roadmap will focus on those challenges that can
potentially be mitigated with innovative R&D activities and not the less technical topics (i.e.,
regulations, logistics, or workforce).

1.5 Roadmap Structure

This roadmap is organized as illustrated in Figure 3. Section 2 gives a brief overview of the
future U.S. offshore wind market outlook. Section 3 provides additional information on major
turbine components: blades, hub and nacelle, structure/foundation, and electrical. For each
component, the discussion covers failure mode analysis and mitigation, monitoring/sensing and
inspection, and maintenance execution using three subtopic areas. Within each subtopic area, the
state of the current practices and technologies are briefly reviewed, as well as emerging
technologies. Finally, challenges and needed research activities are briefly laid out. Section 4
follows the same structure as Section 3, but focuses on cross-cutting technologies, such as
digitalization, standardization, and testing facilities. Sections 3 and 4 are mainly based on
literature review or industry interviews. Section 5 presents recommended actions according to
three different time frames (short, medium, and long term) based on the prioritized R&D areas
from Sections 3 and 4 and using feedback collected through industry interviews and stakeholder
engagements.

R&D

MLy Hub and Structure and Balance of
Prioritization Blades - i
Aralals Nacelle Foundation Plant clossuttingareds
y ]
Failure Mode AT —
Analysis and State of the Practice Digitalization Standardization
Mitigation Robotics and Automation
Monitoring. State of the Art and Emerging Technologies - Prognostics, Health Management. and 0&M
Sensing. and I - Optimization
Inspection Chall
: BEnES Experimentation and Demonstration
Maintenance _— .
Execution Priority and Needed Research Activities Design Optimization Considering Reliability and O&M

Figure 3. Structure for Sections 3 and 4
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2 Development of Offshore Wind Energy in the United
States

Buoyed by the Biden-Harris Administration’s announcement of a national offshore wind energy
target to install 30 GW by 2030 (The White House 2022), as well as state procurement targets,
the offshore wind energy industry in United States is advancing quickly from its current nascent
state of about 200 MW of installed capacity. This includes the 132-MW South Fork Wind, which
was America’s first fully built, commercial-scale offshore wind farm, and part of Vinyard Wind.
Once fully operational, the 800-MW Vineyard Wind will increase the installed capacity in the
United States to close to 1 GW.

Further federal support from the Inflation Reduction Act and the Floating Offshore Wind Shot™,
along with a national target to deploy 15 GW of floating offshore wind by 2035 (DOE n.d.),
together with increasing state targets, will see this growth continue. Currently, there are 232 MW
of floating offshore wind in operation globally, with none in the United States (Janipour 2023).
Independent forecasts developed by Bloomberg New Energy Finance and 4C Offshore estimate
that offshore wind deployments will cumulatively reach between 30 and 52 GW by 2032 (Musial
et al. 2023).

As the number of operational projects in the United States continues to grow, there is a need for
increased focus on O&M considerations. With over 59 GW in global capacity from 293
operating projects (Musial et al. 2023), there are lessons learned and best practices that can be
leveraged from more developed markets. However, advancements in offshore wind technologies
and unique aspects of the U.S. market and environments will necessitate further R&D of
innovative O&M technologies and approaches.

In the near term, it is expected that most of the offshore wind energy deployed in the United
States will occur on the East Coast. However, floating offshore wind is also planned to be
deployed in the Gulf of Mexico, West Coast, and possibly part of the Great Lakes. The Pacific
has higher average waves and frequency of seismic events than the East Coast. The Gulf of
Mexico has more frequent hurricanes. Locks of the Great Lakes St. Lawrence Seaway System
limit the size of vessels that can reach the Great Lakes. These regions come with unique
challenges that will influence O&M practices.
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3 Components

Wind plants are composed of not only turbines but also balance-of-plant equipment to deliver
power generated to the grid. All components require maintenance to ensure performance and
reliability. A review of 15 publications on historical failure statistics showed the electrical,
control, blades and hub, and pitch systems are the four most critical subassemblies for land-based
wind turbines in terms of failure rates (Dao et al. 2019). These are also among the most critical
components for offshore wind turbines. In terms of downtime, the gearbox, generator, blades and
hub, and drivetrain are the four most critical subassemblies for both land-based and offshore
wind turbines (Dao et al. 2019). The definition of drivetrain in Dao et al. (2019) is limited to
shafts and bearings, primarily main shaft bearings and mechanical brakes, which is narrower in
scope than what is referred to in this roadmap and typically includes the main bearing, shafts,
gearboxes, and generator. Some of these components can be extremely costly to replace, as
normally heavy-lift vessels are needed in addition to component material, labor, and lost revenue
caused by associated downtime. This section discusses these major wind turbine components and
balance-of-plant systems by grouping them into four categories: blades, hub and nacelle,
structure/foundation, and balance of plant. For each component, failure modes and mitigation
approaches, current O&M practices, emerging technologies, challenges, and prioritized R&D
opportunities are summarized.

3.1 Blades

Wind turbine blades are among the largest composite structures in the world, with offshore
variants now exceeding 130 meters (m) in length. They are also subject to hundreds of millions
of fatigue cycles during a 20- to 40-year design life. Further, blades are subjected to
environmental degradation from extreme heat or cold, rain, ice, and lightning, etc. (Veers et al.
2023).

3.1.1 Blade Failure Mode Analysis and Mitigation

Three main failure mechanisms are of concern for offshore wind blades, structural failure due to
mechanical loads (often coinciding with manufacturing flaws), leading-edge erosion, and
lightning strike damage (Katsaprakakis et al. 2021). These failure modes are the same as for
land-based turbine blades; however, they may become more prevalent offshore due to scale and a
more extreme environment, and the consequence from failure increases given the added
difficulty of performing maintenance at sea.

3.1.1.1 State of the Practice

For structural failure, various design codes ranging from aeroelastic simulation to three-
dimensional finite-element analysis are employed to evaluate the structural integrity of the wind
blade structure under various design load cases (DLCs) and required resistances defined under
International Electrotechnical Commission (IEC) standards 61400-1 (IEC 2019a), 61400-3-1
(IEC 2019b), 61400-3-2 (IEC 2019c), and 61400-5 (IEC 2020) to ensure safe operation of the
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structure over its lifetime and mitigate the chances of structural failure. Partial safety factors are
used to account for uncertainty in loading, manufacturing, material properties, and modeling.

For leading-edge erosion, a combination of accelerated laboratory testing and simple analytical
equations are used to assess the risk occurrence and ability of the protection system to adequately
hold up during the design life of the turbine (DNV-GL 2020). The current practice for mitigation
of erosion comes in various forms of coatings and tapes that can either be applied in the factory
during manufacturing or in the field. However, these protection systems are costly as they may
need to be applied periodically throughout the entire life cycle of the blades and can be subject to
variability in their installation. Erosion is typically diagnosed based on visual inspection, with
categories ranging from light (Category 1), where damage is limited to the protective coating
only to severe (Category 5), where erosion has penetrated through the laminate. Repairs to the
coatings and composite material are performed up-tower and usually only when damage has
progressed to at least Category 3.

Damage from lightning strikes is the largest cause of catastrophic failure in land-based wind
turbine blades and the most frequent insurance claim filed by wind farm owners (DNV 2023; Jou
2022). Lightning protection systems are designed in accordance with IEC 61400-24 (IEC
2019d). Offshore turbines are potentially more susceptible to increased lightning strikes due to
open waters, increased annual frequency of lightning flashes, increased use of carbon-fiber spar
caps, and direct exposure underneath a lightning storm (DNV 2023). However, current lightning
protection system design requirements are the same for land-based and offshore installations,
with only minor modifications of location factor used in estimating the annual number of
lightning flashes to a single turbine and it can reflect relatively higher consequences from
lightning strikes in offshore wind.

3.1.1.2 State-of-the-Art and Emerging Technologies

The current state of the art for failure mode analysis and mitigation for offshore wind turbine
blades involves advanced analysis techniques and technologies to enable a condition-based
maintenance approach, which includes identifying and prioritizing the level of risk associated
with each component or system. It considers factors such as the likelihood and consequences of
failure (e.g., cost of maintenance or repair). Once components or systems of high risks are
identified, a reliability-centered maintenance analysis can be conducted to assign the most
appropriate maintenance method.

The state of the art in failure analysis due to mechanical load involves progressive failure
analysis. This type of analysis enables condition-based maintenance by allowing operators to
assess the risk of failure of their wind blade structure in real time by incorporating inspection
data with damage into their models.

State-of-the-art mitigation techniques specific to leading-edge erosion of wind blades include
advanced leading-edge protection materials like metallic and ceramic leading edges, or
polyurethane coatings that can better withstand the high-erosion-environment offshore. Also, the
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concept of operating the turbine in an “erosion safe mode” during high-erosion-potential events
such as storms has been suggested as a potential mitigation strategy (Bech et al. 2018). While
improvements in lightning protection systems for both land-based and offshore applications are
ongoing, novel ideas like conductive coatings/paintings for blade protection (Lewke 2007,
Arctura 2023), lightning diversion tape to increase lightning reception area and decrease damage
to the blade,? and lightning monitoring systems to better understand lightning strikes, are all
being developed and tested. Understanding lightning interactions with wind turbine blades and
lightning strikes will advance the design and efficiency of lightning protection systems (Griffin
2023).

3.1.1.3 Challenges

Offshore wind blades are becoming longer at an ever-increasing rate. As offshore wind blades
increase in size the primary failure mechanisms can change or may be exacerbated (Jensen et al.
2012). The time to market and speed with which wind blades are changing size mean that there is
no historical data to effectively analyze failure rates and failure modes. Being able to identify,
predict, and effectively mitigate these failure mechanisms and rates with our analysis tools from
fundamental understanding of the physics as wind blades scale in size is key to effective O&M
of offshore wind blades.

Wind blade repairs offer an additional challenge with analyzing failure modes and mitigating
failures of offshore wind blades. Repairs are essential for mitigating failure of wind turbine
blades. However, the combination of difficult accessibility and nonoptimal environment for
composite repairs offers a difficult set of circumstances to ensure effective and high-quality
repairs. Composite repairs have been shown to be sensitive to minor defects and variations in
quality (Mishnaevsky 2022). Ensuring consistent and quality composite repairs is key to
effective offshore wind blade O&M.

Offshore blades will be more susceptible to increased annual lightning strikes; however, that
increase has not been quantified. While lightning protection systems exist, they fail frequently
enough for lightning to continue to be the largest cause of unplanned downtime (DNV 2023; Jou
2022). Lightning protection systems (LPS) for land-based wind turbines, although designed by
following international standard IEC 61400-24 (IEC 2019d), still encounter a variety of
problems leading to these failures. Basic lightning physics interactions with wind turbine blades
are still not well-understood, leading to concerns about LPS designed for land-based wind
turbines according to IEC 61400-24 (IEC 2019d) being inappropriate for offshore installations.
Current LPS systems are also inaccessible and difficult to test, requiring testing of sections
individually rather than the entire system. The quality of the LPS for each design is usually
unknown until problems arise.

3 One lightning diversion tape example: Strike Tape (Weather Guard Lightning Tech n.d.).
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3.1.1.4 Priorities and Needed Research Activities
There are several research needs for analyzing and mitigating failures in offshore wind turbine
blades. Some of the key areas that require further investigation include predictive failure models

for large blades and better composite repair methods. There are a few other areas needing further
R&D:

e The size, location, and cost of offshore wind blades mean the consequences of failure are
much higher than their land-based counterparts. This necessitates the need for better
repairs of wind blades, approaching fatigue properties that are close to virgin material.

e Progressive failure analysis of wind blades requires using accurate predictive models of
damage growth or progression in highly complex composite structures. Continued
research into composite damage growth models that can adequately handle
manufacturing and loading uncertainty is still needed.

e Leading-edge erosion will continue to be an issue for offshore turbines as they have
higher tip speeds in general, which leads to exponentially higher damage rates. Erosion
mitigation solutions such as speed reduction in erosive conditions and better leading-edge
protection systems should be developed and implemented.

¢ Investigation into changes and understanding of lightning physics interactions with wind
turbines offshore will allow for improved, more focused requirements for offshore
lightning protection systems in a needed update to IEC 61400-24 (IEC 2019d). In
addition, advanced lightning monitoring systems will provide detailed information on
lightning strikes, both further advancing lightning protection system design and
efficiency, reducing lightning damage and downtime. The need for an updated IEC
standard is also voiced by DNV (Griffin 2023).

3.1.2 Blade Monitoring, Sensing, and Inspection

While structural health monitoring and sensing practices are inconsistent, inspection methods
like drone and visual are widely used. Vast improvements are needed in all three areas to
improve reliability and worker safety of offshore installations. Shortfalls currently exist around
identification and repair of blade damage and defects due to ever-changing blade design,
proprietary data, cost of poorly working systems, and shortage of experienced wind technicians.
Data collected through monitoring, sensing, and inspection then suffers from varying
interpretation throughout the industry, heavy reliance on artificial intelligence (Al), which are
not fully validated and trustworthy (again due to lack of publicly available data), and from lack
of expertise (Griffin 2023).

3.1.2.1 State of the Practice

Visual inspections are performed at regularly scheduled intervals to detect visible damage and
defects on the surface of the blades and can identify surface cracks, leading-edge erosion,
impact, and lightning damage. These inspections are typically carried out by drones with
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subsequent down-tower visuals via cameras and binoculars or up-tower via a rope technician.
After the drone inspection damage is categorized, and repair schedules are planned around
ratings and ideal downtimes based on yearly weather; however, inaccurate damage classification
can lead to catastrophic failure. Lightning protection systems are inspected at regular intervals
using simple connectivity tests.

Internal inspection of the blade can also be carried out via a camera deployed by a small robotic
vehicle or up-tower blade technician. Rope technicians can also complete a nondestructive
evaluation, typically an ultrasonic inspection, on the surface of the blade to learn about damage
propagating within the blade.

Structural health monitoring and sensing techniques for blade health are not used consistently
throughout industry although there are some employed for load sensing (Moynihan et al. 2022).
One of the reasons is the relatively low annual failure frequencies and ease of access for
maintenance to land-based turbines, which are different for offshore.

3.1.2.2 State of the Art and Emerging Technologies

Understanding the impacts of increased turbine scale as the industry moves offshore will be
important and will help identify innovation pathways while reducing risk. This will allow for
more instrumented blades, improved monitoring, and larger amounts of data. However, the right
combination will need to be identified. Innovation of technologies is expensive but will help
reduce risks and costs associated with ensuring human health and safety and downtime. The cost
reduction is amplified in offshore installations where there is a higher concern for human risk
due to unpredictable operating environments, and downtime due to unscheduled repairs, which
can be significant due to waiting for weather windows.

Advanced robotic technologies for blades are rapidly evolving with commercial capabilities
ranging from advanced inspection and automated repair for leading edges, to routine tasks like
checking LPS continuity. These robots may also be equipped with instrumentation packages,
thereby aiding in structural health monitoring, or future technologies to enable repairs of
structural components like blades.

3.1.2.3 Challenges

Offshore weather conditions are less predictable and wind installations in some locations will see
more frequent and higher intensity windstorms, icing, and lightning. Offshore wind turbines will
generally have higher tip speeds, exacerbating erosion damage (DNV GL 2020). These
conditions will increase the speed of wear on blades, which will increase needed inspection and
repair, and drive innovation of monitoring, sensing, and inspection technologies. Choppy water
conditions can cause trouble for drone or robot operators or make technicians who are traveling
to the turbine sick and unable to perform tasks.

Lack of standardized wind blade technician training and consistent skill sets are problems that
will extend to offshore installations. Sensors and monitoring, if implemented well, can more
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precisely guide actions, and make more efficient use of technician time. Currently, in the U.S.
land-based wind energy industry, repairs are rarely monitored or checked for quality, which can
lead to repeat failures. Importantly, knowledge sharing of repair effectiveness between owners
and /operators is limited. Some operators are taking a fully preventative approach whereas others
are more reactive, choosing to repair problems only when they reach an advanced state.
Warranties for field repairs are quite short, and often end prior to deficiencies becoming apparent
(Griffin 2023). Updated O&M standards combined with sharing case studies (e.g., by DOE and
its national laboratories) for best practices will help mitigate these problems.

Current sensing and monitoring systems are in many cases expensive to install and operate and
suffer from poor data quality. Data collection is also a challenge. There is a large amount of data
that needs to be routed efficiently, often from a remote site to a responsible party who can
process that information. Often accuracy is lacking in assessment of this data after
inspection/collection, Al accuracy in damage categorization of drone images is not publicly
shared but overly relied on, and blade expertise is not widespread (Griffin 2023).

3.1.2.4 Priorities and Needed Research Activities

The following research activities are recommended:

e Development and de-risking of advanced, reliable, and cost-effective sensors (e.g., inside
blades) and structural health monitoring systems for wind turbine blades are needed for
monitoring loads, damage initiation, and growth. Structural health and far-field sensing
(i.e., digital image correlation) and monitoring will allow for collection of stress and
strain data and aid in understanding dynamics, loads, and aeroelastic impacts of blades
for floating offshore installations. While there will be more cost upfront, O&M costs will
be reduced through a more comprehensive understanding of the condition and
performance of blades, and industry will get better at predicting and preventing failures.

e Data outputs of these systems will need to be compatible with existing supervisory
control and data acquisition (SCADA) systems. Case studies are needed for these systems
to prove their technological abilities for operators to adopt them. Training and technician
infrastructure will need to be set up to help close the gap in the lack of skilled blade
technicians.

e Blade inspection and automated repair technology will also need to be developed to
operate successfully and efficiently in the offshore environment. Novel automation
solutions and repair techniques will help drive better detection and reaction to damage
and defects, as well as reduce the time waiting for a follow-up inspection or repair crew
to be deployed. The risk aspect of a rope technician will also be reduced due to decreased
need for human intervention, and the quality/frequency of inspection and repair will be
improved through advanced automation enabled by drones or robots.
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e Advanced camera systems to take pictures to better monitor LPS and internal blade
health are needed, especially for those making decisions on land and not present in the
blade itself.

3.1.3 Blade Maintenance Execution
3.1.3.1 State of the Practice

The state of the practice in maintenance execution for offshore wind turbine blades involves a
combination of preventive and corrective maintenance. Maintenance for offshore wind turbine
blades includes visual inspection at regular intervals and repairs completed when damage above
a certain threshold is found. Inspections are carried out either using a technician with binoculars
or drones, in many cases. Internal inspections are done by technicians in the nacelle. Repair
ac