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INTRODUCTION

Wind energy plays a central role in the global transition toward decarbonised power systems, and the
structural integrity of wind turbine blades is one of the key factors determining the reliability,

performance, and economic viability of wind farms.

This thesis investigates the mechanisms of blade degradation and the methodologies used for their
repair, combining a technical overview of materials and processes with an operational perspective

derived from direct field experience.

The research was conducted in collaboration with Aeolica, Acrobatica business unit, a company
specialized in rope-access and platform-based services for the maintenance, inspection and repair of
wind turbine blades. Aeolica operates across the entire blade lifecycle, providing high-skill interventions
such as structural repairs, leading-edge protection installation, surface restoration, and advanced

diagnostic inspections.

Working within this environment offered the opportunity to develop a deep understanding of industrial
repair procedures, operational workflows, and the organizational complexity underlying multi-day field
interventions. During my activity in the company, I was involved in several operational and technical
tasks, including technical accompaniment during repair activities, support during on-site inspections,
end-of-work reporting, and assistance to blade repair technicians. I also participated in the preparation
of safety documentation and administrative procedures required for site operations, ensuring compliance
with regulatory and organizational standards. Furthermore, I contributed to the everyday management
of field activities, including monitoring production progress, identifying timing optimization, and

facilitating communication and coordination between different working teams.

This experience has continued beyond the case study presented in this thesis, forming the basis of my
ongoing professional pathway within the company as an Operations Manager, where I support the

planning, supervision and optimization of wind turbine maintenance activities.

The objective of this thesis is to analyze and optimize wind turbine blade repair processes by integrating
technical theory, industrial best practices and real field operations. More specifically, the work aims to
characterise the main degradation mechanisms affecting composite blades, evaluate inspection and
diagnostic techniques used to identify and classify defects, analyse repair materials and methodologies
and assess the economic, operational and sustainability implications of repair strategies compared to

alternative maintenance approaches.



The research methodology combines a structured literature review with hands-on industrial experience.
The technical framework is developed through the analysis of scientific publications, standards,
operational guidelines and material data. This is complemented by direct field exposure gained during
my work at Aeolica. The central component of the methodology is the case study conducted at a wind

farm in the Val Fortore region, where a multi-defect blade repair campaign was followed in detail.

By integrating theoretical principles with operational evidence, the thesis provides a holistic perspective
on blade repair processes and their impact on turbine reliability, AEP recovery and long-term asset

performance.

Overall, this thesis combines engineering analysis, industrial best practices and real-world operational
experience to provide a comprehensive view of wind turbine blade repair. The integration of theory and
field practice aims to support more efficient, reliable and sustainable maintenance strategies,

contributing to the long-term performance of wind energy assets.



1. Background and context of wind energy

1.1.Historical context

Wind energy has a rich history, dating back to ancient civilizations that utilized wind power for various
practical applications. The ancient Egyptians, for example, harnessed wind to propel boats along the
Nile River, showcasing the early human ingenuity in utilizing natural resources. The first windmills,
which were precursors to modern wind turbines, were constructed using readily available materials such
as wood and reeds. These early machines primarily served agricultural needs, milling grain and pumping
water, before evolving into devices capable of generating electricity. The first documented use of wind
energy to generate electricity occurred in 1887 when Scottish professor James Blyth built a wind turbine
that powered his vacation cottage [1]. This marked a pivotal moment in the history of renewable energy,
laying the groundwork for the development of wind energy technologies in the 20th century. As
awareness of environmental issues grew in the latter half of the 20th century, the focus on wind energy
began to gain momentum. Researchers highlighted wind energy's low lifecycle emissions compared to
other forms of energy production, asserting its potential in mitigating climate change by reducing
greenhouse gas emissions and air pollutants [2] [3]. The advancement of wind turbine technology has
also played a crucial role in the evolution of wind energy systems. Over the years, turbine capacities
have increased from kilowatts (kW) to megawatts (MW), alongside improvements in efficiency and
design. Modern wind turbines feature longer, lighter rotor blades and taller towers, optimized to capture
more wind energy [4]. The continuous evolution of turbine technology reflects the ongoing commitment
to harnessing wind energy effectively and sustainably. Today, the wind energy sector continues to
expand, driven by technological advancements and a growing demand for renewable energy sources [5]
[6]. This historical context underscores the significance of wind energy as a viable and essential

component of a sustainable energy future.

1.2.Wind Energy System

Wind energy systems are composed of various components that work together to harness the kinetic
energy of wind and convert it into electricity. This process involves the use of wind turbines, which are

designed to capture wind energy efficiently.

Wind turbines are the primary technology used in wind energy systems. They consist of rotor blades
that capture wind flow, converting kinetic energy into mechanical energy, which can then be
transformed into electricity. The most common design features a tall tower with three horizontal-axis
blades, although there are also vertical-axis designs that resemble eggbeaters or traditional windmills
[1] [7]. The efficiency of wind turbines can be enhanced by situating them at significant heights, where

wind speeds tend to be stronger and more consistent. For instance, turbines are often placed on towers



reaching 100 feet (30 meters) or higher, akin to the height of the Statue of Liberty, to maximize energy

generation [1].
Wind energy systems can be classified into two primary categories: utility-scale and distributed systems.
e Utility-Scale Wind Energy

Utility-scale wind energy involves large installations of turbines that generate significant amounts of
electricity, which is transmitted through power lines to serve thousands of homes and businesses. This
approach has become one of the lowest-cost sources of electricity generation, making it a crucial

component of the energy grid in many regions [1] [3].
e Distributed Wind Energy

In contrast, distributed wind energy refers to smaller-scale systems that provide electricity to local or
remote communities. These systems may be used to power individual homes, farms, or small businesses,

offering a decentralized approach to energy generation that can reduce reliance on fossil fuels [1] [7].

1.2.1. Environmental Impact
Wind turbines are recognized for their minimal environmental footprint compared to fossil fuel sources.
They do not emit air pollutants or require water for cooling, contributing to a reduction in overall carbon
emissions when replacing conventional energy sources [8] [3]. Studies have shown that operating wind
energy capacity has avoided the emission of substantial quantities of air pollutants and greenhouse gases,

further underscoring their positive environmental impact [7].

1.2.2. Technological Advancements
Technological innovations continue to improve the efficiency and effectiveness of wind energy systems.
Research is ongoing into advanced turbine designs, including airborne wind turbines and bladeless
turbines, which promise to harness wind energy more effectively and with less environmental impact
[9] [6]. These advancements play a vital role in increasing the capacity and reliability of wind energy as

a sustainable energy source.

1.3. Role of Wind Turbines

Wind turbines play a crucial role in the conversion of wind energy into electricity, thereby facilitating
the use of renewable resources for power generation. These devices harness the kinetic energy of wind
through rotor blades, which rotate in response to wind flow. This rotational energy is then converted

into mechanical energy, and subsequently into electrical energy via a generator [8].



1.3.1. Design and Technology
The design of wind turbines is essential for optimizing their efficiency and effectiveness in energy
generation. Wind turbines come in various configurations, including both vertical and horizontal axis
types, each suited for specific applications ranging from small-scale battery charging to large-scale
electricity generation for the grid [10]. Advancements in technology, such as longer and lighter blades,
taller towers, and direct drive systems, have significantly enhanced turbine performance, allowing for

increased capacity and efficiency in energy production [4] [11].

1.3.2. Future Outlook
The future of wind turbines looks promising, driven by ongoing technological advancements that aim
to enhance efficiency and increase power output. Innovations such as Al-powered predictive
maintenance and modular wind systems are set to revolutionize the industry, potentially unlocking an
additional 80% of economically viable wind energy capacity by 2025 [10] [12] [13]. As the wind energy
sector continues to grow, the importance of wind turbines in providing sustainable and clean energy

becomes increasingly evident.

1.4. Economic aspects

The economic implications of wind energy are substantial, reflecting both the cost efficiency of wind
power and its role in promoting sustainability. Advances in technology have significantly reduced the
costs associated with wind energy. From 2011 to 2021, improvements such as larger turbine blades led
to a remarkable 60% decrease in wind power costs, making it more affordable to establish new wind
farms compared to maintaining existing coal power plants. This downward trend is expected to continue,
with forecasts suggesting further cost reductions of 17% to 35% by 2035 and 37% to 49% by 2050. In
terms of energy production, wind power's contribution has grown dramatically. As per Figure 1,
globally, the market for wind energy is expanding at an impressive rate of 25% per year, with wind

providing over 2,100 terawatt-hours of electricity worldwide in 2022.
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Figure 1: WIND POWER GROWTH FROM 1993 TO 2023: comparison between installed capacity (in MW) in
Europe and worldwide [14]

This shift not only demonstrates the viability of wind energy as a sustainable alternative but also
highlights its potential to significantly reduce carbon emissions, with the production of wind energy
avoiding over 1.1 million tons of CO2 that would have been emitted by coal [15]. Additionally, wind
energy brings various environmental benefits that are economically advantageous. The operational
capacity of wind energy has been shown to reduce air pollution emissions significantly. For instance, in
2013, it helped avoid the emission of over 250,000 metric tons of pollutants such as sulfur dioxide and
particulate matter. By 2050, it is projected that wind energy could avoid 12.3 gigatons of greenhouse
gases, further emphasizing its potential in climate mitigation efforts. The deployment of wind energy
also translates into economic benefits for local communities. Wind projects generate additional tax
revenue from land leases and property taxes, which could reach up to $3.2 billion annually by 2050 [3].
Furthermore, the growing wind energy sector is expected to create good-paying jobs, evidenced by a
4.5% increase in full-time employment within the domestic wind energy industry in 2022 [16]. Despite
these advancements, challenges remain, particularly regarding the efficiency and reliability of wind
energy. Critics point out that renewable energy systems must contend with the variability of wind and
solar resources, necessitating storage solutions to manage this fluctuation effectively. Nevertheless, the
consensus among researchers is that wind energy offers the lowest lifecycle emissions of all energy
production technologies, further supporting its economic and environmental viability as a cornerstone

of a sustainable energy future [2].
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1.5. Future of Wind Energy

The future of wind energy is characterized by continuous innovation and the potential for substantial
growth across various dimensions. Researchers predict that advancements in technology and design will
significantly enhance wind energy's viability as a primary source of renewable electricity by 2050,

making it a cornerstone of energy policy in many countries [2] [3].

1.5.1. Technological Innovations

Innovations in turbine technology are pivotal for maximizing the output from wind energy systems. The
evolution of turbine designs aims to increase efficiency and reduce costs, with future turbines anticipated
to be larger and more powerful. This includes advancements such as direct drive systems and the use of
lightweight, durable materials like carbon fiber composites in rotor blades, which contribute to improved
performance and reliability [4] [9]. The development of taller towers and longer blades is also crucial,
as these features enhance capacity and allow for more energy generation per turbine, thereby decreasing
the overall number of turbines needed for a site [4].

The Wind Vision Report indicates that wind energy can become a dominant source of affordable
electricity, with projections suggesting savings of up to $280 billion for consumers by 2050 due to the
stabilization of energy prices [3]. As wind energy technologies advance, the potential for harnessing
economically viable wind energy capacity could increase by 80% by 2025, reflecting the rapid pace of

innovation in the sector [12].

1.5.2. Environmental Impact
The expansion of wind energy will continue to yield significant environmental benefits, including
reductions in air pollution and greenhouse gas emissions. By avoiding the use of fossil fuels, wind
energy is expected to mitigate harmful emissions that contribute to acid rain and smog, leading to
healthier communities and ecosystems [17]. In 2013 alone, wind energy operating capacity helped avoid

over 250,000 metric tons of air pollutants [3].

1.5.3. Community and Economic Benefit
Wind energy deployment not only contributes to environmental sustainability but also boosts local
economies. By 2050, it is projected that wind energy will generate approximately $3.2 billion annually
in local tax revenues from land lease payments and property taxes. Additionally, the wind sector is
poised to support over 600,000 jobs in manufacturing, installation, and maintenance, thereby reinforcing

a robust domestic supply chain [3].
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1.5.4. Challenges Ahead
Despite the promising outlook, the future of wind energy faces challenges, including the need for
ongoing research and development in turbine technology and materials science. As turbine sizes
increase, the complexities associated with installation and maintenance will also grow, necessitating
advancements in engineering and logistics [4] [9]. Furthermore, achieving widespread social acceptance
and integrating wind energy into existing energy systems will require addressing the investment

discourse surrounding renewable technologies [18].
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2. State of the art

This chapter provides a comprehensive review of the current state of the art regarding wind turbine
operation, design, and structural behavior, with a specific focus on the blades — the most critical
components in terms of performance, reliability, and maintenance. it also sets the basis for the

subsequent analysis on inspection, repair, and optimization strategies for wind turbine blades.

2.1. Operation of a wind turbine

A wind turbine operates by converting the kinetic energy of wind into mechanical energy, which is
subsequently transformed into electrical energy through a generator. This process relies on several
interconnected components working together under variable atmospheric conditions, with the rotor and

blades playing a central role in capturing wind energy.

When wind flows across the blades, their airfoil shape induces a pressure difference between the upper
and lower surfaces, creating lift. This aerodynamic force causes the rotor to spin. The rotational energy
is transferred through the main shaft to a gearbox (in most turbines), which increases the rotational speed
to match the operational requirements of the generator. In direct-drive turbines, the generator is
connected directly to the rotor without a gearbox, reducing mechanical complexity but requiring a larger

generator.

The generator converts mechanical rotation into alternating current (AC) electricity, which is then
regulated by a power converter to meet grid requirements. The electricity is transmitted via cables to the

transformer, which steps wup the voltage for transmission to the power grid.

blades

Pod
Generator

|\kinetic Energy m===- | mechanical Energy = Electric Energy ]

Figure 2: Operating principle of the wind turbine [19]
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To ensure optimal operation and safety, wind turbines are equipped with multiple control systems, as

illustrated in Figure 3:

e Yaw system: rotates the nacelle to align the rotor with the wind direction.

e Pitch control system: adjusts the blade angle to control rotational speed and power output,
especially during high wind speeds.

e Braking system: includes aerodynamic and mechanical brakes to stop the rotor in emergencies
or during maintenance.

e Supervisory Control and Data Acquisition (SCADA): monitors and controls turbine

performance remotely, collecting data for diagnostics and optimization.

Speed Control
System

Load Control :
System Active Control

‘ S Yaw Control
e e System

Pitch Control Braking CantrUf

System ystem &—/

Figure 3: Main Types of Wind Energy Control Systems [20]

Modern turbines are also equipped with various sensors and actuators that continuously monitor wind

speed, direction, temperature, vibrations, and electrical output to enable real-time adjustments [21].

The performance of a wind turbine is commonly described by its power curve, which defines the
relationship between wind speed and electrical output. The power available from the wind is described

by the equation:

P =pAv? @.1)
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where p is air density, A the swept area of the rotor, and v the wind velocity. The theoretical upper limit
of conversion efficiency is given by the Betz limit (59.3 %), meaning that no wind turbine can extract

more than 59 % of the kinetic energy in the wind [22].

In practice, modern turbines achieve power coefficients between 0.45 and 0.50. The aerodynamic
efficiency depends primarily on blade design and its angle of attack, which are actively controlled

through pitch systems to optimize energy capture and protect the structure during high wind speeds.

Control and operational strategies

Modern utility-scale turbines operate within defined speed ranges:

e Cut-in speed (typically 3—4 m/s) — turbine starts generating power.
e Rated speed (~12-15 m/s) — maximum electrical output achieved.

e Cut-out speed (~25 m/s) — turbine stops for safety reasons.

The control system (yaw and pitch regulation) maintains the rotor orientation facing the wind and
modulates the blade pitch angle to achieve optimal torque on the shaft. In variable-speed machines, the
generator frequency is decoupled from the grid via power converters, improving efficiency and load

mitigation.

Operational loads and lifetime performance

During operation, the turbine experiences highly variable and cyclic loads due to turbulence, gusts,
tower shadow effects, and gravitational forces acting on the blades as they rotate. These factors lead to
fatigue phenomena that are directly linked to blade lifespan. The operation also involves transient
conditions such as start-up, braking, and emergency shutdowns, which impose additional dynamic

stresses [21].

For modern offshore turbines exceeding 10 MW and blade lengths above 90 m, structural flexibility
becomes significant, and the coupling between aerodynamics and structural dynamics (aeroelasticity)

must be addressed in both design and control algorithms [23].

The reliability of the entire system is often expressed in terms of availability (percentage of time the
turbine is capable of producing power). Preventive and condition-based maintenance directly influence
this parameter and, consequently, the total annual energy production (AEP)'. Studies show that each
percentage point of availability loss can reduce annual output by up to 0.8—1 % of rated energy [24].
While the energy conversion process appears straightforward, real-world conditions—such as
turbulent wind flow, temperature extremes, and material fatigue—introduce complexity into turbine

operation and long-term reliability. Among all components, the blades are particularly exposed and

! The Annual Energy Production (AEP) is the actual energy a wind farm produces in kWh/ year. It depends on the site's wind
conditions, the operational availability of the turbines, and the effectiveness of maintenance and repair activities. AEP also
decreases over time as the efficiency of key components—such as the rotor and drivetrain—declines due to wear and ageing.
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critical, making their performance and maintenance a key factor in the overall efficiency and

economic viability of wind energy systems. [21]

2.2.Wind turbine blade design

Wind turbine blades represent a pinnacle of composite material engineering, combining lightweight
construction with high mechanical performance to withstand complex load cases over extended service
periods. Their design balances aerodynamics, structural integrity, manufacturability, and cost-
effectiveness, making the choice and configuration of materials crucial. The blade is the most complex
and costly component of a wind turbine, accounting for about 20-25 % of the capital cost but
determining up to 99 % of aerodynamic efficiency. Its design must balance aerodynamic performance,

structural integrity, fatigue resistance, and manufacturability.

2.2.1. Blade Structural Components

A wind turbine blade can be divided into four main structural components, illustrated in Figure 4, each

serving a distinct function: the shells, the spar caps, the shear webs, and the root section.

Shell 1

Spar caps (1+2)

Root

Figure 4: Structural components of a wind turbine blade [21]
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Shell (Outer Skin):

The suction side (SS) and pressure side (PS) shells represent the main aerodynamic surfaces of the
blade and are responsible for transferring the aerodynamic lift they generate to the spar caps. These
shells are usually manufactured using two separate molds—one for each side—and subsequently
joined through adhesive bonding along both the leading and trailing edges, as well as to the SS and PS
spar caps at the central region, as illustrated in Figure 5. The process of a blade construction is

illustrated in Figure 6.

(N — —
N\ —
0

Adhesive joint

Figure 6: Shells of a wind turbine blade [21]

1 Frepare mould 2 Buitd-up dry laers

4 Add webs 5 Join shells, curing 8. Demould trim & polish

Figure 5: Generic steps of composite blade production [21]

The shell skins are typically composed of lightweight glass-fiber laminates, consisting of multiple layers
(ranging from approximately 2 to 54) of triaxial fabric oriented at 0°, +45°, and —45°. Due to their
limited thickness, these laminates require the addition of a core material—commonly PVC, PET, or
balsa—to ensure structural stability. Without such a core, the skin would be prone to buckling and unable
to maintain the intended aerodynamic profile. The outermost layer often includes a gelcoat, which

provides UV protection and improves surface durability [21].
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Spar Caps:

The suction side (SS) and pressure side (PS) shells constitute the main aerodynamic surfaces of the
blade, transferring the lift they generate to the spar caps. Complementarily, the spar caps serve as the
primary structural elements responsible for carrying these loads along the blade span, from the tip to
the root section. As we can see in Figure 7, typically, the PS spar cap operates under tensile stresses,
while the SS spar cap is subjected to compression. The loads are subsequently transferred into the

cylindrical root section, which mainly experiences shear forces.

PS TTT

Figure 7: Forces acting on a spar cap [21]

Structurally, the spar caps are long, slender, and tapered components—thicker at the root and
gradually thinner toward the tip. They are usually manufactured from unidirectional fiber-reinforced
laminates oriented at 0°, combined with a limited portion (up to around 20%) of off-axis material. This
configuration provides high longitudinal stiffness while reducing sensitivity to twisting, torsion, and

other secondary induced loads [21].

Shear Webs:

Shear webs represent one of the more straightforward elements in the blade’s internal structure, both
in terms of design and manufacturing. As illustrated in Figure 8, their main function is to maintain the
spacing between the pressure side (PS) and suction side (SS) spar caps, allowing the blade to act as a
beam and preserve its overall flexural stiffness. While they primarily carry shear forces, a critical

aspect of their design is ensuring they resist local crushing and buckling under operational loads.
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Figure 8: Blade cross section indicating main construction elements [21]

Typically, shear webs are constructed from 2 to 8 plies of +45° glass fiber biaxial laminates, bonded
on either side of a lightweight core material such as PVC, balsa, or PET. This combination delivers the
necessary shear rigidity while keeping the weight minimal, contributing to the overall efficiency and

structural performance of the blade.

Root:

The primary role of the blade root is to transfer the bending loads from the blade to the root bearing in
a controlled and uniform manner, minimizing the risk of damage. This is typically accomplished by
gradually channeling the loads carried by the unidirectional spar caps into the root tube, and
subsequently into the metallic inserts that secure the root to the hub. These inserts generally extend
from the hub along approximately 10 to 20% of the blade length (e.g., R2.5 for a 25 m blade or R9 for
a 45 m blade).

Structurally, the root is composed of a thick laminate, with a relatively small proportion of fibers
oriented at 0° and the majority at £45°, see Figure 9. The increased thickness serves multiple purposes,
including accommodating the root bolts, which locally weaken the laminate, while ensuring sufficient

strength and stiffness to withstand operational loads [21].

Figure 9: Root design [21]
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2.2.2. Material Properties and Selection
The choice of materials is central to blade performance. Historically, glass-fiber-reinforced polymer
(GFRP) composites have dominated due to their favorable cost-to-strength ratio. However, the trend
toward larger blades has led to increased use of carbon-fiber-reinforced polymers (CFRP) to improve

stiffness-to-weight ratio and reduce deflection [25].
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Figure 10: A fiberglass reinforced plastic blade [44]

Typical material configuration:

e Fibers: E-glass, S-glass, or carbon (unidirectional or biaxial fabrics).
e Matrix: epoxy or polyester resin, sometimes vinyl ester for improved toughness.
e Core: PVC, PET, or balsa wood for sandwich panels.

o Adhesives: epoxy-based bonding agents joining shells and internal elements.

Key mechanical properties include tensile modulus (~ 35-70 GPa for GFRP; > 200 GPa for CFRP),
ultimate tensile strength, interlaminar shear strength, and fatigue limit. For instance, the fatigue

resistance of composite materials under cyclic bending is one of the most critical design drivers [21].

The anisotropic nature of composites implies that strength and stiffness depend on fiber orientation,
laminate sequence, and resin properties. Advanced numerical models and failure criteria (Hashin,

Tsai—Hill) are used to predict composite behavior under multiaxial loading.

Additionally, sustainability concerns are leading to the exploration of recyclable thermoplastic

matrices, bio-based resins, and hybrid glass-carbon laminates, which could improve end-of-life
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management and circular economy compliance [26].

2.2.3. Design Considerations
Blade design is a multidisciplinary optimization involving aerodynamics, structural mechanics, and

material science.
Key design criteria include:

e Aecrodynamic efficiency: lift-to-drag ratio optimization via airfoil selection.

e Structural stiffness: sufficient rigidity to prevent excessive deflection and tower-blade collision.
e Fatigue life: ensuring >107 load cycles over 20-25 years.

e Resonance avoidance: natural frequencies separated from excitation harmonics.

e  Weight minimization: reduces gravitational and centrifugal loads

e Manufacturability: compatibility with infusion, curing, and assembly processes.

Advanced computational tools (CFD + FEM coupling) allow simultaneous evaluation of aecrodynamic

performance and structural response [27].

The structural design must also account for local effects (panel buckling, shear distortion, trailing-edge
bond-line peeling) that classical beam theory may underestimate. Modern design practice therefore

integrates local finite-element sub-models to assess these phenomena.

Furthermore, aeroelastic coupling (twist—bending interaction) plays a key role: excessive torsion can
cause flutter, an unstable self-exciting vibration that can lead to catastrophic failure. The design must

ensure that torsional stiffness and damping are sufficient to avoid this instability [21].

Modern blades are also optimized for noise reduction, erosion resistance (coatings at the leading edge),

and lightning protection (embedded conductors and receptors).

Finally, manufacturability and quality assurance influence both performance and repairability: precise
control of fiber placement, resin infusion, curing temperature, and bond-line thickness is required to

avoid weak zones that may later evolve into defects or failures.

2.3.Factors affecting blade lifespan and wear

Wind turbines operate in complex environments where the interaction between environmental forces—
particularly wind—and the motion of mechanical components not only enables energy production but
also induces structural loads that must be carefully considered during design. The turbine's ability to
withstand these loads is critical for ensuring long-term durability and reliability. Therefore, design
efforts must go beyond aerodynamic efficiency and include detailed structural analysis, ensuring that

the investment in structural reinforcement is justified by the energy output over the turbine’s lifetime.
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A central aspect is the study of dynamic behavior and fatigue resistance, both of the materials and the
structure as a whole. Modern wind turbines are designed to optimize the capture of wind energy without
adopting the wide-bladed or multi-blade configurations typical of traditional windmills. High-solidity
rotors would experience excessive aerodynamic loading, especially in high wind conditions (e.g., above
25-30 m/s), where wind power increases exponentially with wind speed. Certification standards require
turbines to endure extreme conditions, such as 10-minute gusts expected once every 50 years. As a

result, slender, low-solidity rotors with higher rotational speeds are preferred.

Real-world operating conditions, often characterized by turbulence and rapid wind speed variations,
generate non-uniform forces across the turbine, especially on the blades. Prolonged exposure to cyclic

stresses can lead to fatigue cracks and, in severe cases, structural failure.

2.3.1. Type of Loads
The design and longevity of a wind turbine are heavily influenced by the variety and complexity of the
structural loads it must withstand throughout its operational life. These loads arise from both
environmental factors and the turbine’s own dynamic behavior.

Wind turbine blades experience complex and coupled load types:

e Aerodynamic loads — aerodynamic forces represent the most significant load source during
turbine operation. These are induced by the interaction between the wind and the rotor blades,
and they vary with wind speed, direction, turbulence, and the operational state of the turbine.
When the rotor is stationary, drag forces dominate, acting against the structure and potentially
causing torsional and bending stresses. During normal energy production, however, lift forces
generated by the blade profiles become predominant, enabling torque generation while
simultaneously introducing significant bending moments and fluctuating loads on the blades
and tower.

e Gravitational loads — gravitational effects are ever-present and particularly impactful for
turbines with large, heavy blades. As the rotor spins, the weight of each blade induces cyclic
loading due to the continuous change in its position relative to the vertical axis. These periodic
load variations contribute significantly to material fatigue, especially at blade roots and hub
interfaces, and must be addressed through appropriate material selection and structural
reinforcement.

e Operational and transient loads — in addition to naturally occurring loads, mechanical control
systems—such as pitch control, braking mechanisms, and emergency shutdown protocols—
introduce additional structural stresses. Braking operations, for instance, may produce rapid
decelerations and torque reversals, transmitting high dynamic loads throughout the drivetrain

and support structure. Similarly, abrupt changes in blade pitch or yaw position can induce
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transient load spikes that must be accommodated by the design and control algorithms of the
turbine.

e Vibratory and dynamic loads — the combined effects of aerodynamic and gravitational forces
give rise to complex dynamic behaviors. One key example is the generation of gyroscopic forces
during yaw maneuvers—that is, when the nacelle rotates to align with the wind direction while
the rotor is spinning. These interactions can introduce torsional and bending vibrations in the
shaft and tower, amplifying fatigue loads and requiring detailed dynamic analysis to ensure

long-term structural resilience.

The combination of these loads produces high-cycle fatigue (10’—10® cycles) in the composite

structure, which is the main cause of long-term degradation in blades [21].

2.3.2. Effects of Loads on Structures

The mechanical response of the blade to operational loads involves several damage mechanisms:

e Matrix cracking and delamination: cyclic tension—compression in composite laminates induces

micro-cracks that coalesce into delaminations between plies.
e Fibre failure: over-stress or manufacturing defects cause local fibre breakage in the spar caps.

¢ Bond-line failure: adhesive joints between shells and webs can peel under combined bending

and torsion.

e Core shear and debonding: sandwich panels in the trailing edge are vulnerable to shear-induced

debonding under cyclic loading.

e FErosion and surface damage: high-speed rain and dust erode the leading edge, reducing

aerodynamic smoothness and efficiency.

2.3.3. Environmental Factors
Wind turbine blades are continuously subjected to a wide range of environmental stressors that, over
time, can compromise both their structural integrity and aerodynamic efficiency. The composite
materials typically used in blade construction—such as glass- or carbon-fiber reinforced polymers—
are particularly sensitive to long-term exposure in outdoor conditions. The primary degradation

mechanisms include:

e Ultraviolet (UV) Radiation
Persistent exposure to solar radiation induces photo-degradation of the polymer matrix,

particularly in the outer gel coat or resin-rich surface layers. This results in surface erosion,
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discoloration, and microstructural embrittlement, ultimately diminishing the blade’s
mechanical properties and reducing its resistance to fatigue and impact loads.

e Moisture and Thermal Cycling
Variations in ambient humidity and temperature contribute to hygrothermal aging of the
composite. Moisture ingress—facilitated by microcracks, coating damage, or diffusion
through the matrix—can cause resin swelling, matrix softening, and interfacial debonding
between fibers and resin. Combined with repeated thermal expansion and contraction, these
effects may initiate or propagate microcracks, reducing stiffness and load-bearing capacity
over time.

e Erosion
The blade's leading edge is particularly vulnerable to high-speed particle impacts, including
rain, hail, airborne dust, sand, and insects. These repeated impacts cause material loss and
surface roughness, severely affecting the blade's aerodynamic profile and energy conversion
efficiency. In advanced stages, erosion can expose the underlying composite laminate,
accelerating delamination and structural deterioration.

e Ice Accumulation
In cold climates, icing events pose a significant operational challenge. Ice formation on the
blade surface alters the aerodynamic flow, reduces lift-to-drag ratio, and increases structural
loads due to mass imbalance and asymmetric aerodynamic forces. Accumulated ice can also
detach during rotation, posing safety hazards to nearby equipment and personnel. Moreover,
ice-induced vibrations and added weight can accelerate wear on mechanical components,

including the hub and bearings.

Field data indicate that leading-edge erosion alone can reduce annual energy production (AEP) by 2—6
% if not mitigated by coatings or repairs.
For offshore wind farms, where access is limited, these losses accumulate significantly over the

lifecycle [28].

2.3.4. Operational and Maintenance Factors

The operation and maintenance (O&M) strategy of a wind turbine has a profound influence on blade

durability.

e The number and severity of load cycles, which depend on site-specific wind conditions,
significantly affect blade fatigue life. Sites with turbulent or gusty wind regimes typically induce

faster damage accumulation.
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e Imperfections introduced during production, such as voids, resin-rich areas, or fiber
misalignments, act as stress concentrators that accelerate crack initiation and growth.

e Improper transportation, installation, or handling can cause impact damage or induce residual
stresses that weaken the blade.

o Timely and effective inspections, preventive maintenance, and repairs are crucial to detect early

damage and prevent progressive deterioration.

The combined influence of these factors determines the blade’s operational lifespan and performance.
Their interaction creates challenges in predicting when and where damage will occur, necessitating
sophisticated monitoring and diagnostic techniques alongside robust repair and maintenance strategies.
Improved understanding of these influences enables the development of more durable blades and

optimized maintenance schedules that maximize energy production and cost efficiency.

These factors, combined with the continuous exposure to harsh operating environments, make blade

maintenance crucial for long-term turbine performance [21].

2.4. Importance of maintenance for energy efficiency

Maintenance is a fundamental factor in ensuring the optimal performance, reliability, and longevity of
wind turbines, directly impacting their energy efficiency and economic viability. Because wind turbines
operate in highly variable and often harsh environments, consistent and effective maintenance practices

are essential to maximize energy production and minimize operational costs.

In high-capacity wind farms, O&M costs represent up to 30 % of the levelised cost of energy (LCOE)?
over the asset’s lifetime [29].

An effective maintenance strategy therefore aims to:
1. Maximise turbine availability;
2. Preserve aerodynamic performance;
3. Ensure cost-effectiveness through lifecycle management;
4. Enhance safety and compliance;

5. Leverage digitalisation and innovation for predictive analytics.

2 The levelized cost of electricity (LCORE) is used to evaluate the average cost of generating electricity over the lifetime of a
power plant. It’s calculated as the sum of all costs associated with the plant, such as initial investment, operation and
maintenance, and fuel, divided by the total electricity generated.
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2.4.1. Maximizing Turbine Availability
Availability is defined as the ratio of time a turbine is capable of producing power to the total time it
could theoretically operate. Every hour of unplanned downtime directly reduces availability energy

production (AEP).

Blades are responsible for a significant portion of unplanned outages, especially in offshore

installations where weather windows limit access.

Optimising logistics and repair planning (weather forecasting, vessel availability, spare part storage)
has a measurable impact on O&M KPIs. Advanced reliability models, e.g. Markov decision

processes’, are increasingly used to schedule preventive interventions in cost-optimal windows.

2.4.2. Preserving Aerodynamic Performance
The aerodynamic efficiency of wind turbine blades is paramount to converting wind energy into
mechanical power effectively. Even minor surface degradation—such as erosion, roughness increase,
or small cracks—can disturb the boundary layer, increasing drag and delaying laminar-to-turbulent
transition. Damages such as erosion, cracks, delamination, or surface degradation disrupt the smooth
airflow over the blades, increasing drag and reducing lift. This results in a loss of power output,
sometimes exceeding 10-15% depending on the severity of the damage. Regular maintenance that
includes detailed blade inspections and prompt repair of defects helps preserve blade geometry and

surface quality, thus sustaining high energy conversion efficiency.

2.4.3. Cost-Effectiveness and Lifecycle Management
Maintenance is not only about ensuring turbine operation but also about optimizing the total cost of
ownership throughout the asset's lifecycle. Proactive maintenance enables early detection of damage
and wear, allowing interventions to be planned and executed efficiently. This approach prevents costly
emergency repairs, extends the lifespan of critical components like blades, and reduces the frequency of

full blade replacements, which are among the most expensive operations in wind farm management.

By extending the service life of blades and minimizing downtime, maintenance activities contribute to
improved return on investment (ROI) and overall financial sustainability of wind energy projects.

Lifecycle management also incorporates repairability analysis — ensuring that design, materials, and

8 Markov Decision Processes (MDPs) are used in wind energy to create optimal control strategies for complex, uncertain
systems like maintenance scheduling and energy management in hybrid power grids. By modeling the system's states, actions,
transitions, and rewards, MDPs provide a framework for making decisions to maximize long-term profit or minimize costs in
scenarios influenced by factors like wind speed, energy prices, and battery state [66].
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documentation support field repairs using compatible laminates and curing procedures. As The Blade

Handbook notes, “designing for maintenance is designing for profitability” [21].

Digital twins and data-driven maintenance planning represent the next step in lifecycle optimisation,

allowing virtual simulation of wear and degradation to inform real-time operational decisions.

2.4.4. Enhancing Safety and Compliance
Wind turbine maintenance is also vital for safety, both for personnel and the environment. Ensuring
structural integrity through routine inspections and repairs prevents catastrophic failures that can pose
risks to workers and surrounding communities. Furthermore, adherence to regulatory standards and
industry best practices during maintenance helps guarantee compliance with safety and environmental
requirements, protecting  the operator  from  legal and  financial liabilities.

Safety and regulatory compliance are integral to maintenance management.

The IEC 61400-series standards* require periodic inspection of load-carrying components, lightning
protection systems, and structural integrity. Blades in degraded condition pose not only production

losses but also safety hazards, including detachment or fragment release.

Accurate documentation of repairs, traceability of materials, and certification of repair technicians

ensure compliance and minimize liability.

Furthermore, the use of drones and remote visual inspection has improved safety by reducing human

exposure to working at height [30].

2.4.5. Leveraging Digitalization and Innovation
The integration of advanced technologies into maintenance processes is revolutionizing how wind
turbines are serviced. Supervisory Control and Data Acquisition (SCADA) systems provide continuous
real-time monitoring of turbine performance and health indicators. Remote inspection methods, such as
drones equipped with high-resolution cameras and thermal imaging, enable rapid, detailed blade

assessments without the need for costly and hazardous rope access.

Moreover, predictive maintenance models powered by machine learning analyze historical and real-time
data to forecast failures before they occur, optimizing maintenance schedules and resource allocation.
Automation and digitalization thus enhance maintenance precision, reduce human error, and increase

operational efficiency.

41EC 61400 is a set of design requirements made to ensure that wind turbines are appropriately engineered against damage
from hazards within the planned lifetime. The standard concerns most aspects of the turbine life from site conditions before
construction, to turbine components being tested, assembled and operated.
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3. Defectology and damage statistics

3.1.Classification of common damages (delamination, material fatigue,

leading-edge erosion, etc.)

Wind turbine blade damage types can be classified by the affected structural element (leading edge,
trailing edge, spar caps, shear webs, skin/core interfaces, root), by the failure mechanism (fatigue,
impact, erosion, lightning, manufacturing defect) and by severity (cosmetic — repair required —

critical), as listed in Figure 11 [21].

Cosmetic
Readings of lightning systemn
below S0mO

’ No need for immediate action N Continue
" Dperation

Repair only if other damages i
Repair only if other damage . Continue

Damage, below wear and tear
- "are 1o be repaired " operation

Damage, abouve wear and tear ’ Repair done within next 6 Nr Continue
Readings of lightning system months ~ Operation
above 50mQ

Serious damage ’, Repair performed within next
3 months.
Damage monitored

’. Immediate action required to
prevent turbine damage.
Contact technical support

Figure 11: Damage categories

3.1.1. Delamination
Delamination is the separation between composite plies (interlaminar cracking) or separation between
skin and core in sandwich panels. It is typically initiated by out-of-plane stresses, impact events,
moisture ingress leading to adhesive bond degradation or fatigue-driven growth from manufacturing

defects (e.g., dry spots, porosity) and propagates under cyclic bending/torsion.
Typical locations include:

e Transition zones (geometry changes),

e Trailing-edge (bondlines),
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e Near spar-cap cutouts or web attachments,

e Regions subject to panel breathing® or cross-sectional shear distortion (CSSD).

Ultrasonic testing (UT)® and shearography’ are primary non-distructive testing (NDT) methods for
delamination; thermography® can detect some delaminations (especially near-surface) after active

heating.

Delamination reduces local bending stiffness and redistributes loads to adjacent structural members;
small delaminations can grow into larger interlaminar fractures and, in critical spar regions, lead to
catastrophic failure if left untreated. Repairs typically involve resin injection, local scarfing and patching
with matched laminate stacks, or full-section replacement depending on extent. Laboratory and field
fatigue tests report that even small delaminations can reduce local stiffness by 10—20 % and accelerate

crack growth under service loads [21] [31].

3.1.2. Material Fatigue
Fatigue in composite blades results from millions of load cycles caused by gusts, turbulence, yaw
misalignment, tower shadow and centrifugal/gravity reversal strains. Fatigue damage manifests as

matrix cracking, fiber breakage, debonding, and progressive delamination. The fracture mechanics for

Translaminar
cracking

Intralaminar
cracking

Interlaminar
cracking

(Z - stack direction)

Figure 12: Intralaminar, interlaminar and translaminar cracks [22]

® Breathing is the relative deformation of panels (in the out-of-plane direction) [21].

6 Ultrasonic testing (UT) is a non-destructive inspection method that evaluates a material or component by sending ultrasonic
waves through it and analyzing how they propagate.

7 Shearography is a non-destructive inspection method that uses coherent light or sound waves to identify and locate defects
within a component.

8 Thermographic inspection is a non-destructive technique that assesses components, materials or entire systems by observing
the temperature distribution on their surface after applying a controlled heat source. This method can also reveal damage in
blades undergoing cyclic loads, as such defects tend to produce localized heat generated by irreversible material degradation
during repeated loading [21].
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composites includes intralaminar and interlaminar modes, as in Figure 12, and is more complex than

classical metallic fatigue.

Critical zones:
e Spar cap laminates (especially where manufacturing wrinkles or defects exist),
e Root region and transition zones,
¢ Bondlines and shear web attachments.

Full-scale fatigue tests and coupon tests are used to estimate crack propagation rates; standards (IEC)
and industry test programs guide testing protocols. Progressive damage models are increasingly used
to predict growth from initial defects [32].

Mitigations include improving laminate quality (reducing wrinkles and porosity), using hybrid
carbon/glass spar caps to reduce deflection, improved control strategies to limit damaging load cycles,

and condition-based maintenance to detect early signs of fatigue before propagation.

3.1.3. Leading-Edge Erosion
Leading-edge erosion (LEE) is material removal from the blade leading edge caused primarily by rain,
hail and high-velocity particle impacts that mechanically abrade the protective coating and composite
surface, as illustrated in Figure 13. LEE severity scales strongly with tip speed and precipitation
intensity; studies report erosion rates increasing drastically with modern larger rotors and higher tip
speeds. LEE reduces local profile shape, increases surface roughness, and degrades aerodynamic

performance (increased frag, reduced lift) [33].

Figure 13: Example ofa leading edge erosion
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Quantified production losses due to LEE vary with site conditions and protection strategy: literature
indicates typical AEP reductions from ~2 % up to 6 % or more for moderate erosion; in offshore high-
exposure cases the impact can be larger and repair costs significant [34].

General visual inspection (GVI), high-resolution drone imaging, and automated image analytics are
widely used to quantify eroded area and classify damage as shallow (surface marring) or deep

(exposed internal material) [35].

Leading-edge protection (LEP) coatings or tapes, improved gelcoat formulations, and design changes
(e.g., thicker leading edge laminate, sacrificial strips) are used to mitigate LEE. Repairs typically
consist of localized restorations of the outer laminate and aerodynamic fairing; for deep erosion,

laminate rebuilding and local spar repair may be required.

3.1.4. Trailing Edge Damage
Trailing edge damage involves cracks, splits, and debonding occurring due to stress concentrations and

aerodynamic loading, cyclic bending, impact during maintenance or transport, and manufacturing flaws.

Thermography, shearography and UT (where geometry permits) detect TE delaminations and bondline
failures. Visual inspection frequently finds TE splits and openings that must be sealed to prevent

moisture ingress [21].

TE repairs often require removal of damaged adhesive, re-bonding with appropriate adhesives, and

reinforcements (external patches or fillet tapes). In severe cases the entire TE panel may be replaced.

3.1.5. Surface Cracks and Matrix Cracking
Surface micro-cracks in the gelcoat and matrix can be initiated by thermal cycling, UV aging, or small
impacts. Matrix cracking reduces load transfer efficiency between fibers, enabling moisture ingress and
accelerating damage and it often precedes delamination and is an early sign of fatigue accrual. Detection

is largely visual and by thermography (active heating highlights cracks).

Surface cracks are commonly repaired with gelcoat or localized resin injections. If cracks correspond to

deeper laminate cracking, scarf and patch repairs with matched laminate schedules are required.

3.1.6. Impact Damage
Impacts from tools, bird strikes, or debris (including maintenance equipment or transport mishaps) cause
localized core crushing, fiber breakage, or delamination. Even small impacts can create subsurface

damage (kissing bonds) invisible to visual inspection.
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Impact repair ranges from resin injection and cosmetic restoration to localized composite replacement.

Post-impact inspection protocols (UT/X-ray) should be used to verify absence of subsurface damage.

3.1.7. Lightning Strike Damage
Lightning strikes are a common hazard for wind turbines. They cause thermal, mechanical and chemical

damage: ablation of laminate, burning or opening of trailing edge sections, damaged lightning receptors

and down-conductors, and internal delamination, as illustrated in Figure 14.

Figure 14 : Example of a lightning strike damage on a wind turbine blade tip

Since the effects are significant structural weakening and potential safety hazards, lightning protection
systems (LPS) are essential; post-strike inspections and repairs focus on replacing damaged composite

sections and restoring electrical grounding.

Repairs must restore conductor continuity if damaged, as seen in Figure 15, and structural strength: LPS
repair, local laminate reconstruction, and internal inspection of root and spar caps are commonly

required.

Figure 15: Example of a burned LPS conductor
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3.1.8. Ice Accumulation and Freeze-Thaw Effects
In cold climates, ice accumulation creates additional mechanical loads and aerodynamic disturbances.
Icing alters airfoil shape, adds mass, and creates imbalance and transient loads—Ieading to increased
fatigue. Repeated freeze—thaw cycles can degrade adhesives and resins. Ice-shedding events can also

induce impact damage to downstream components.

Ice detection systems, de-icing coatings, operational curtailment strategies during icing events and

inspection after severe icing periods are common mitigation approaches.

3.1.9. Bond Line Failures
Bondline failures (peeling, adhesive failure, kissing bonds) occur where shells, webs or panels are
adhesively joined. Peeling stresses in bondlines are independent of bondline width and are driven by

panel breathing and CSSD, especially in transition regions, as illustrated in Figure 16.

Bondline defects are challenging—kissing bonds are not visible externally and often require UT or

digital radiography for detection. Bond testing and shearography are also applied.

Repair approaches involve surface preparation, adhesive re-injection, scarfed repairs, or full panel
replacement. Repair quality is critical because an in-service repair becomes part of the load path and

must be engineered accordingly [21].

Hat spots
Crack in traling edge
bondine due to
peeling stresses

Figure 16: Peeling stresses appear in the adhesive bondlines along the blades in certain hot spots [21]
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3.2. Statistics on damage frequency and severity in wind turbine fleets

Understanding the statistical occurrence of damage in wind turbine blades is fundamental for assessing
reliability, defining maintenance priorities, and improving future blade designs. Over the last decade,
the combination of operational data from SCADA systems, inspection records, and insurance reports
has enabled a clearer picture of which damage modes are most frequent, how severe they tend to be, and

how they evolve throughout the turbine’s service life.

Globally, data compiled by operators, OEMs, and independent service providers (ISPs) indicate that
blade-related issues constitute between 20 % and 25 % of all reported wind turbine failures, yet they
account for up to 40 % of total downtime costs due to the logistical complexity of repair and the

sensitivity of blades to environmental conditions.

Unlike drivetrain or electrical failures, blade damages are typically not catastrophic at first; rather, they
emerge progressively, beginning with minor surface defects and evolving—if left untreated—into

structural problems that compromise both aerodynamic performance and safety.

3.2.1. Statistical overview of failure categories
Several independent studies have attempted to categorise failure frequencies by component.
A meta-analysis by Carroll et al. (2015) using UK onshore fleet data covering 350 turbines over 15 years
found that:

e Electrical systems accounted for 36 % of all failures, but contributed only 8 % of downtime.

e Control systems represented 13 % of failures and 10 % of downtime.

e Gearbox and generator issues each contributed 10—12 % of failures but 25-30 % of downtime.

e Blades and hub assemblies, although causing fewer failure events (= 20-25 %), were
responsible for the largest share of downtime, because access and repair are heavily weather-

dependent and often require rope-access or crane mobilisation.

When scaled to modern multi-MW turbines, these percentages translate into hundreds of lost megawatt-
hours per turbine per year, particularly in offshore environments where a single repair campaign can

take weeks [36].

3.2.2. Frequency of specific damage types
The frequency of blade damage varies significantly across turbine fleets, depending on environmental

exposure, blade design, manufacturing quality, and operational loading.

Across onshore fleets, leading-edge erosion, coat chipping, surface cracking, trailing-edge separation,

and lightning-related damage represent more than 70-80% of all detected anomalies during scheduled
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inspections. Structural defects such as spar-cap delamination or core failures are far less frequent but

carry disproportionately higher severity due to their impact on stiffness and fatigue life [37].

High-wind, coastal, and desert environments exhibit elevated rates of erosion and surface wear, whereas

cold-climate fleets show higher frequency of ice-related defects.

Table 1 summarises the most common defect categories, their approximate frequency, typical location,

and the recommended severity level or maintenance action.

Table 1: Frequency of specific damage types

Damage
category

Typical share

of observed

Primary
location

severity / recommended

Typical
action

blade defects

Leadine-edoe Outboard leading | Moderate to severe; causes AEP losses;
erosiong g 25-35% edge, 60-100% |typically requires surface rebuild, PU
blade span coating or LEP tape replacement
Surface rsn}:ll-ls ansurface, Low to moderate; cosmetic if shallow,
cracking / 15-20% pafl, - structural inspection needed if cracks
aerodynamic . .
gelcoat wear . propagate into laminate
pressure side
Trailing-edge Trailin edee Moderate to severe; often precursors to
cracking / 10-15% og €% | internal delamination; requires bonded
. 50-90% span .
separation TE rebuild
. Tralllpg . e@ge Severe; may compromise stiffness;
Bond-line 5-10% adhesive joints, typically requires structural repair or
debonding ? shear web | YPICay Teq p
. scarf joint
interfaces
Lightning . Blade tip, Modprate to severe; carbonlzat?on may
strike damage 5-10% receptor region require laminate replacement; check
LPS continuity
lc\::zll:ﬁn / UV 5_79 Shell surface, | Low to moderate; usually cosmetic, PU
degra dz;gtion ° suction side coating / sanding and recoating
Core damage . Mid-span, Severe;. requires core extraction and
3-5% . rebonding; often caused by water
(foam or balsa) sandwich panels |.
ingress
Delamination Load-bearing e . _—
(spar cap or 1-3% regions, Critical; risk of catastrophic failure;
shear web) especially 30— [immediate structural repair
60% span
Ice-related . .
. Low to moderate; remove ice, inspect
damage / o Leading  edge, i . .
1-3% .. for cracks; coating replacement if
freeze—thaw suction side
cracks necessary
Impact .
damage (bird <1-2% Outboard region Low to ) severe dependlpg on
strike / debris) penetration; local laminate repair
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Manufacturing Variable severity; detected mainly via
. Random A

defects (voids, <1% . . UT or thermography; repair if

. . laminate regions .

inclusions) structurally significant

The high prevalence of leading-edge erosion and surface cracking reflects the long-term exposure of
blades to rain, particulate matter, and UV radiation. These defects are highly correlated with energy

losses.

Trailing-edge defects are also a frequent category and are strongly linked to fatigue loading and adhesive

degradation.

By contrast, deep structural damages such as spar-cap delamination or core failure are rare but represent
the highest-risk items, requiring immediate removal of the turbine from service to prevent progressive

collapse.

3.2.3. Damage evolution over lifetime
Blade defect occurrence is not uniform throughout the turbine lifecycle. We can indicate three distinct

phases:

e FEarly life — Defects mainly linked to manufacturing and transport: surface damages, or gelcoat
blisters. Roughly 30 % of early blade failures occur within this period, often detected during
warranty inspections.

e Mid-life (4-10 years) — Lightning cracks, structural cracks and surface damages become
dominant. The frequency of LEE and trailing-edge peeling rises rapidly after 5 years, coinciding
with cumulative environmental exposure.

e Late life (> 10 years) — Fires, operational errors and manufacturing defects become dominant.

Condition-monitoring data show accelerated deterioration during the final third of operational

life.
35%
® [0 Surface Damages B Structural Cracks
~ 30%
E A Lightning crack @ Manufacturing Defects
“ 9,
s 5% B Fire B Operational Errors
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$ 20%
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o —
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W 10% =
° Z
S | Z =
| | 7
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Age of Wind Turbines

Figure 17: Frequency of wind turbine blade failure mechanisms depending on the age of wind turbines [67]

37



Understanding this timeline allows operators to schedule inspections strategically, focusing resources
where failure likelihood is highest. For example, performing a full-surface drone survey at year 5 and
repeating every 2—3 years thereafter detects most evolving erosion and adhesive issues before they

escalate [38].

3.2.4. Catastrophic failures and rare events
While the vast majority of blade damages are repairable, catastrophic failures occasionally occur and
have significant safety and reputational implications. Even though catastrophic failures represent < 0.01
% of total blades installed, their financial impact is outsized—individual events can incur repair and
replacement costs exceeding € 1 million per turbine, excluding lost production. These cases emphasise
the importance of traceable quality control, validated repair records, and continuous structural health

monitoring (SHM) to detect precursors.
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4. Repair methods

4.1.Structural and surface repairs

Wind turbine blades represent one of the most complex composite structures in civil and mechanical
engineering. Their repair requires both structural and materials-engineering approaches, combining field
practicality with an understanding of composite mechanics, fracture behaviour, and environmental
effects. A clear distinction must be drawn between structural repairs, which restore load-bearing
capacity, and surface repairs, which restore aerodynamic performance and environmental protection

[39], [32].

The choice of repair method for a wind turbine blade depends on several factors, including the nature
and severity of the defect (cosmetic, structural, or performance-related), the location of the damage on
the blade (with critical regions such as the leading edge requiring specific attention), and the mechanism

that generated the defect, such as cracking, debonding, impact events or erosion.
Several well-established repair techniques are commonly employed in the wind industry:
o Filling and sealing (“drill & fill”)

This method is typically used for small, non-structural defects such as shallow cracks, minor
delaminations or voids. The technique involves drilling one or more access holes to reach the affected
area and injecting a resin, filler, or gel specifically formulated for blade repair. The product is often pre-
heated to optimise viscosity and flow, and applied using manual injection guns or pneumatic equipment.
Depending on the chemistry of the filler, curing may require several hours to a full day. Although many
formulations cure at ambient temperature, heat blankets or UV lamps may be used when accelerated

curing is needed.
e Coatings, tapes and protective shields

These solutions are primarily used to address and prevent leading-edge erosion, one of the most frequent
degradation issues. The concept is to apply an additional protective layer—such as polyurethane
coatings, erosion-resistant tapes or pre-shaped shields—designed to restore the aerodynamic contour

and provide long-term resistance against rain, sand, insects and other environmental loads.
e Patch, plug and scarf repairs for extensive damage

When damage affects the structural laminate, the degraded material must be removed until sound
composite is reached. The repaired area may take the shape of a straight cut, a stepped cavity or, ideally,
a tapered (scarf) geometry to ensure a gradual redistribution of loads. The patch can be produced from

pre-impregnated composite material (“prepreg”), dry fabric impregnated during the repair, or pre-shaped
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inserts bonded into position. Multiple layers are applied according to a specified lay-up sequence to

reconstruct the original laminate thickness and fibre orientation.

/External patch
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Scarf angle
(@) (e) .
Adhesive layer

i Stepped-lap width /
bpl

o ——7 ==

(d)

Scarf patch ~ Parent structure

Smooth or small steps
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Figure 18 : Patch repair

e Adhesive systems

Structural adhesives used in blade repair are engineered to provide high crack resistance, fatigue
durability and reliable bonding under outdoor conditions. They are frequently supplied as two-
component systems that must be mixed directly before application to trigger the curing reaction. Fast-
curing adhesives are preferred in most situations, although slower systems may be advantageous in hot

climates to avoid premature gelation.

4.1.1. Structural Repairs: Function and Mechanical Rationale
Structural repairs address damage that compromises the mechanical integrity of the load path —
typically the spar caps, shear webs, trailing edges, or root bonding interfaces. These areas experience
complex stress states (flapwise bending, edgewise fatigue, shear coupling) that can accelerate

delamination or adhesive failure [39], [38].

When a portion of a laminate is removed and replaced, the local stiffness discontinuity introduces a
stress concentration. The stress transfer in a scarf repair can be approximated by an exponential law

derived from shear-lag theory [39]:
o (x) = gp(1 - e‘Bx) 4.1)
where:
e 0,(x)is the axial stress along the patch overlap,

e 0yis the nominal applied stress,
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Gat . .
e f= 7% is the shear transfer coefficient,
Eptpl?

with G, t,= adhesive shear modulus and thickness, E,, t,= patch modulus and thickness, and

L¢= scarf length.

This relationship shows that longer scarf lengths and softer adhesives improve stress diffusion and
reduce peel stresses. Industry practice prescribes scarf ratios from 12:1 to 20:1, balancing strength

recovery and practical surface area [39].

4.1.2. Scarf Geometry and Ply Restoration

The geometry of a scarf joint is crucial to the repair’s mechanical performance. A low-angle taper is

essential to maintain a near-linear stiffness gradient between the parent and patch laminate [40].

After damage removal, new plies are laid following the original fibre orientation sequence (typically
+45°/0°/90°). Deviations greater than 5° in orientation can lead to a local stiffness anisotropy, altering
strain energy release rates under cyclic loading. Vacuum-assisted consolidation (VARTM) or hand

lay-up with controlled debulking ensures intimate contact and resin flow across the overlap.

For sandwich regions, where balsa or PVC foam cores are used, repairs include core excision and
rebonding. The adhesive is applied to achieve a nominal bondline thickness of 0.2—-0.4 mm, as
excessive thickness reduces shear strength [39]. Thus, surface preparation and accurate shimming are

critical to bondline uniformity and shear transfer.

4.1.3. Failure Modes in Structural Repairs

Even well-executed structural repairs can fail by:

e Debonding at the patch—substrate interface due to poor surface cleanliness or moisture

contamination;

e Interlaminar delamination under cyclic bending loads, often starting at scarf ends where normal

stresses are tensile;
e Cohesive adhesive failure, particularly in thick bondlines (>1 mm);

e Fibre micro buckling if compressive loads exceed critical strain [41].
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These mechanisms highlight why non-destructive testing (NDT) (ultrasound C-scan, thermography) and

proof load verification (strain gauge or acoustic emission monitoring) are recommended after critical

repairs [32].

4.1.4. Surface Repairs: Aerodynamic and Environmental Functions

Surface repairs differ fundamentally from structural ones. They address superficial erosion, UV-induced

chalking, gelcoat cracking, and hydrodynamic roughness. Among these, leading-edge erosion (LEE) is

by far the most detrimental to turbine efficiency.

DTU field studies quantified that erosion depths exceeding 0.5 mm on 10-20% of the chord can lead to

a 6—10% annual energy loss due to altered boundary layer transition and increased drag [42] [43].

Hence, LEE mitigation relies on:

e recoating with polyurethane elastomers or

e applying protection films or tapes, pre-formed and bonded with primers under controlled

temperature.

Both methods aim to restore the acrodynamic contour and increase surface energy to promote laminar

flow reattachment.

Table 2: Summary of Structural vs Surface Repair Effectiveness

Repair Type Main Objective Material System Limitations
Restore stiffness . .
’ +
Structural (Scarf) strength Epoxy + glass/carbon Labour intensive
Surface Restore aecrodynamic . -
(Recoating) profile PU coatings Durability 3-5 yrs
Fllm/Ta}pe Prevent erosion PU/PET multilayers Ageing, adhesion
Protection loss
Core Rebonding Restore sandwich Epoxy adhesive Needs tight process
shear control
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4.1.5. Comparative Considerations: Onshore vs Offshore Repairs
In onshore turbines, repairs are often performed with rope access or suspended platform. Environmental
control is achieved with portable tents or infrared heating blankets to maintain curing conditions (15—

25 °C, RH < 70%).

In offshore environments, similar operations face harsher logistics, humidity, and wind speed
constraints. As a result, UV-cured or fast ambient-cure systems are favoured, reducing exposure time

and personnel risk [44].

4.2. Materials and resins used for repair
The mechanical recovery and long-term durability of wind turbine blade repairs depend primarily on
the polymeric matrices, reinforcements, and adhesive systems employed. Repair materials must not only
match the structural and thermal behaviour of the parent laminate but also enable controlled curing under

field conditions — often without autoclave or oven support [39], [32].

Modern wind turbine blades are typically composed of:
o Epoxy—fibreglass composites (dominant in 85% of global production);
e Vinylester or polyester—fibreglass composites (used for cost-sensitive onshore units);
e Carbon—epoxy laminates in spar caps of large offshore blades.

These same materials form the baseline for field repair systems, since compatibility between new and
existing  matrices is  essential for interfacial bonding and thermal stability.
If the repair resin’s glass transition temperature (T,) is significantly lower than that of the parent
composite, residual thermal stresses and interlaminar weakening can occur during turbine operation

[40].

4.2.1. Epoxy Resin Systems
Epoxy resins are the most widely used polymer systems in wind turbine blade repair due to their high
adhesion, mechanical strength, and compatibility with the composite laminate architecture of modermn
blades. These systems are typically supplied as two-component formulations, consisting of Component
A (epoxy prepolymer) and Component B (amine-based hardener), which undergo a controlled chemical

reaction when mixed.

Component A contains reactive epoxide groups but remains chemically stable in its unmixed state.
Component B contains primary or secondary amines that initiate the curing reaction. When the two

components are combined, the amine groups open the epoxide rings, forming long polymer chains that
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progressively interconnect through covalent bonds. This process, known as crosslinking, transforms the

liquid resin into a thermoset solid with high stiffness and environmental resistance.

Epoxy curing is an exothermic and temperature-dependent reaction, and its kinetics strongly influence
the quality and durability of the repair. At low temperatures, the reaction proceeds slowly, increasing
the risk of incomplete polymerisation (under-cure), reduced adhesion, and premature degradation. As
temperature increases, crosslink density develops more rapidly, reducing gel time and helping the resin

reach its designed mechanical properties [45].

Figure 19 illustrates a representative curing profile for an epoxy—amine system, highlighting how
increasing temperature accelerates the transition from liquid to gel and subsequently to a fully

crosslinked state.
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Figure 19: Epoxy curing vs temperature

A fully cured epoxy matrix provides excellent fibre bonding, impact resistance, and fatigue durability,
making it the material of choice for structural repairs such as scarf joints, trailing-edge rebonding, and

laminate reconstruction in areas affected by cracks or lightning strikes.

The final quality of an epoxy repair depends not only on the chemical system but also on mixing
accuracy. Witness samples cured under the same conditions as the repair are often archived to verify

correct polymerisation.

Overall, epoxy resin systems offer the optimal balance between structural performance, field
applicability, and environmental resistance, making them the dominant polymer choice for both

manufacturing and repair of wind turbine blades. [46] [44].
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4.2.2. Vinylester and Polyester Systems
Vinylester resins, derived from epoxy-acrylate oligomers crosslinked with styrene, combine good
chemical resistance with rapid curing at ambient temperature. Their main advantage lies in lower
viscosity (easier impregnation) and shorter cure times, typically 30-60 minutes at 25 °C without post-
cure [37].
However, they have higher shrinkage (4—6%) and lower fracture toughness, making them less suitable
for structural scarf repairs. They are, instead, widely used for gelcoat restoration, trailing edge sealing,

or cosmetic filler applications.

Table 3: Vinylester and Polyester Systems

Property | 1311).4% Vinylester
Adhesion to glass fibre Excellent Moderate
Chemical resistance

. . Very good Excellent
Fatigue resistance
Recoatability Moderate High
Typical use Structural Surface/coating

4.2.3. Polyurethane Coatings and Tapes
Polyurethane (PU) systems dominate leading-edge protection and surface recoating.
They are elastomeric materials that absorb impact energy and resist particle erosion. Their mechanical
response  depends on the crosslink  density and  hard segment  content.
Typical polyurethane coatings exhibit erosion thresholds up to 200 m/s impact velocity and elongation

at break >300%.

Polyurethane films or tapes bonded with pressure-sensitive adhesives (PSAs) allow fast field
application; however, their long-term performance (>3 years) degrades under UV and temperature
cycling. For this reason, PU recoating is a scheduled maintenance task rather than a permanent fix [43],

[47].

4.2.4. Adhesives and Structural Fillers
Adhesive  bonding is the backbone of both structural and surface repairs.
Excess adhesive thickness promotes peel stresses; conversely, overly thin layers (< 0.1 mm) risk

incomplete wet-out and void formation.

Filler pastes (e.g., epoxy or PU-based thixotropic gels) are used for surface levelling or defect filling.
They must match the coefficient of thermal expansion (CTE) of the laminate (typically
6-10 x 107K 1) to prevent cracking during temperature cycles [46].
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4.2.5. Reinforcements: Fibreglass, Carbon Fibre, Hybrids
E-glass fibre remains the preferred reinforcement for onshore blade repairs because of its good fatigue
resistance, affordability, and isotropic behaviour in woven mats. Carbon fibre reinforcements are

reserved for high-strain regions such as spar caps, where stiffness recovery is more critical than ductility.

Hybrid repairs (carbon patch on glass substrate) are structurally feasible but must consider mismatch in
modulus  and  thermal  expansion that can  induce interfacial  shear  stress.
For a 30 °C cure differential, the resulting interfacial shear stress may exceed 4—6 MPa, risking

delamination if not mitigated by toughened adhesive layers [39].

4.2.6. Thermoplastic and Novel Resin Systems
Reactive thermoplastic resins (RTPs) are a recent innovation. They polymerise at ambient temperature
through free-radical polymerisation while retaining thermoplastic weldability.

Their advantages include:
e High fracture toughness (up to 5x epoxy);
o Full recyclability and reprocessability;
e Reduced exotherm during cure (safer up-tower application);
e Potential for induction or infrared re-heating for in-situ repair.

NREL studies [48] showed that RTP laminates achieved 100% mechanical property recovery after
thermal welding of micro-cracks. However, field deployment remains limited due to cost, oxygen

inhibition of polymerisation, and need for airtight vacuum environments.

4.2.7. Environmental Effects on Resin Curing and Durability
Ambient humidity and temperature strongly affect the cure and final performance of polymer matrices.

Moisture acts as a plasticiser, lowering T, and inducing microcracking.

Therefore, for onshore repairs in humid climates (e.g., northern Europe), maintaining RH < 70 % during
cure is crucial [37]. Offshore, saline humidity accelerates hydrolytic degradation of ester linkages in
vinylester coatings; therefore, surface recoating intervals are typically 3 years instead of 5 years onshore

[39].
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4.2.8. Summary
The choice of resins, reinforcements, and adhesives for blade repair requires balancing compatibility,
processability, and durability. Epoxies remain the reference for structural recovery; vinylesters and PUs
serve protective and cosmetic functions. Reactive thermoplastics offer future pathways for sustainable,
reprocessable blades.
Onshore repairs benefit from better process control and longer curing windows, enabling use of high-
performance thermosets. Offshore contexts, constrained by logistics and weather, increasingly adopt

fast-curing and UV-cured hybrid systems.

Understanding resin kinetics, interfacial mechanics, and environmental influences is essential for
ensuring the mechanical equivalence of repaired blades and maintaining operational availability of

onshore wind assets.

4.3.Criteria for selecting the repair methodology based on the type of damage

4.3.1. Introduction
Selecting the appropriate repair methodology for a wind turbine blade is not a purely empirical process
— it is an engineering decision problem that integrates structural mechanics, materials compatibility,
environmental constraints, and economic optimisation.
The main objective is to identify a repair solution that restores the blade’s mechanical and aerodynamic
performance while minimising cost and downtime, and without compromising safety or certification

requirements [38] [37].

A systematic decision-making framework is essential because each damage case exhibits unique

morphology, scale, and causation:
e FErosion and gelcoat degradation affect aerodynamic efficiency,
e Delamination and core debonding compromise stiffness and fatigue life,
e Lightning or impact damage can cause subsurface burns or fibre rupture.

The decision criteria are thus multi-dimensional: mechanical, environmental, operational, and

economic.

4.3.2. Mechanical Criteria for Repair Selection
The structural significance of the damaged area is determined by its influence on global stiffness and

local stress concentration.

A useful metric is the relative stiffness reduction, calculated as:
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—1_kKa
AK =1-7 (4.2)

0

where K,;is the local bending stiffness of the damaged section, and Kj,is the undamaged reference
stiffness.

For small surface defects ( AK < 0.05 ), aerodynamic or surface repair is sufficient.
For structural zones where AK > 0.15, mechanical restoration through scarf repair or bonding is

mandatory [39].

4.3.3. Material and Process Compatibility
The selected repair materials must be chemically and mechanically compatible with the original

laminate to avoid interfacial failure. Compatibility is assessed on the basis of:
1. Glass transition temperature (Ty) — the repair resin must have Ty = 0.9T jaren to avoid
softening during service [46].

2. Coefficient of thermal expansion (CTE) — mismatch >20% induces shear stress >5 MPa at

interface.

3. Adhesion strength (t,,,4) — must exceed in-service shear stress by a factor of safety of 2.5 (as
per [37]).
4. Curing kinetics — must be feasible under ambient or controlled field conditions.

5. Moisture absorption rate — lower than 1 wt% for long-term durability in humid onshore

environments.

For instance, epoxy systems exhibit superior adhesion (>25 MPa shear) but require longer cure times;
polyurethane coatings cure rapidly but have lower modulus and temperature stability. The selection

process therefore weights repair performance vs operational constraints.

4.3.4. Environmental and Accessibility Constraints

The operational environment has a direct effect on the choice of repair process:

e Onshore repairs (the dominant case for this thesis) offer easier environmental control using
mobile shelters, heaters, and dehumidifiers. The process can accommodate multi-hour or

overnight cure cycles. Ambient-cure epoxies are typically selected [39].

e Offshore repairs, in contrast, face high humidity and wind exposure. Repairs must use fast-
curing or UV-cured systems, often polyurethane-based. However, they may show reduced long-

term strength and are typically scheduled as temporary until next service port [44].

Environmental parameters are controlled for adhesives:
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e Temperature range: 15-30 °C,
¢ Relative humidity: <70%,
o Substrate surface temperature: >3 °C above dew point.

Failure to meet these conditions can reduce bond strength by up to 50% [37].

4.3.5. Operational and Economic Criteria

The selection process must also incorporate O&M constraints, including cost, downtime, and logistics.

For onshore operations, the access cost typically represents 25-35% of total cost, while offshore can
reach 50-60% due to vessel mobilisation. Repair methods with high material cost but short repair
duration (e.g., UV-curing PU systems) can therefore still be optimal when downtime losses — the cost

of lost energy production — are included.

For example, an 8-hour downtime on a 3 MW onshore turbine at 100 €/ MWh leads to ~ 840 € in lost

revenue, which justifies using faster-curing materials even at higher direct cost [38].

4.3.6. Decision Flow and Practical Guidelines

The decision process is typically implemented in a repair selection flowchart that integrates:
1. Damage identification via NDT,
2. Classification according to DNV classes,
3. Evaluation of environmental and access constraints,
4. Material and method compatibility check,
5. Economic assessment and scheduling,
6. Final approval and documentation for traceability.

Each step corresponds to a “hold point” in quality control documentation, ensuring repeatability and

regulatory compliance [37].

4.3.7. Conclusions
Selecting the appropriate repair methodology is a multidisciplinary engineering process combining
precise damage characterisation, quantitative assessment of structural and environmental severity,

evaluation of material compatibility, and economic optimisation of downtime vs cost.
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For onshore applications, the flexibility in access, environment, and cure duration enables more robust
structural repairs (epoxy-based). For offshore contexts, risk-based, fast-curing, and modular systems are

preferred.
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5. Repair process

5.1. Operational phases

Repairing a wind turbine blade requires a strictly procedural sequence, with each stage governed by

standardised work instructions (Wls), inspection “hold points,” and documentation for traceability.

A deviation at any stage (surface preparation, mix ratio, cure control) can reduce the repair’s fatigue life

by more than 40%, even when visual appearance is satisfactory [39], [32].

The repair process therefore follows four primary operational phases: cleaning, surface preparation,

application, and finishing, each supported by quality control (QC) and environmental conditioning.

5.1.1. Cleaning
The cleaning phase aims to remove any contamination that could inhibit adhesion between the parent
laminate and repair materials.
Typical contaminants include salt, oil residues, chalking (UV oxidation), insect debris, and moisture.
Common solvents are acetone, isopropanol, or MEK, applied using lint-free cloths. The solvent must

evaporate completely before sanding begins, since trapped vapours can inhibit epoxy curing [37].

In humid climates, technicians use hot-air guns or infrared heaters to maintain surface temperature at

least 3 °C above dew point, preventing condensation that reduces adhesion energy by up to 60% [39].

5.1.2. Surface Preparation

Surface preparation is arguably the most critical phase in the entire repair process, directly affecting

bondline integrity and mechanical recovery.

a) Damage removal and geometry control.

Damaged material is removed using rotary sanders or oscillating tools. The correct scarf geometry
ensures smooth stress transfer and minimises interlaminar shear peaks.

The repair area must extend at least 25 mm beyond the visible damage boundary to ensure complete

removal of micro-delamination [32].

b) Surface activation.

After sanding, the exposed fibres must exhibit a clean, matte texture; glossy resin surfaces indicate
incomplete abrasion.

Surface energy is restored through light abrasion and chemical activation (e.g., silane coupling agents

or plasma treatment) to promote adhesion.
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¢) Peel-ply and protection.
If lay-up is delayed by more than 2 h, the area is covered with peel-ply fabric to avoid contamination.

This prevents re-cleaning cycles and ensures chemical reactivity of the surface [37].

5.1.3. Application of Repair Materials
This phase involves laminate reconstruction (for structural repairs) or coating/film application (for

surface repairs).

a) Laminate Lay-up.

The number and orientation of plies replicate the parent laminate. Each ply is pre-impregnated or
manually wetted with resin to achieve a fibre volume fraction Vyof 45-55%.

A lower V(< 40 %) results in matrix-rich regions prone to micro-cracking; excessive Vg (> 60 %)

hinders resin flow and may cause dry spots.

b) Vacuum Bagging.
To ensure consolidation and void-free adhesion, a vacuum pressure is maintained for at least one hour

after lay-up. Leak-testing is required before curing.

¢) Curing Control.

Epoxy resin cure follows the autocatalytic kinetics described in chapter 4.2.2.

Temperature and humidity are logged with thermocouples and hygrometers. In field conditions, heat
blankets (50—60 °C) or infrared lamps are employed to accelerate cure; for polyurethane coatings, UV

lamps achieve full cure within minutes [49].

5.1.4. Finishing and Quality Verification

Once the material has cured, the repair enters the finishing and verification phase.

a) Trimming and sanding.
Excess resin is removed and the repaired area is re-profiled to the original aerodynamic contour using

240-400-grit sanding.

b) Painting and surface sealing.
A compatible polyurethane topcoat is applied with HVLP spray equipment or rollers to restore UV

protection. Colour and gloss are inspected visually, and coating thickness is verified with a magnetic
gauge.

¢) Non-Destructive Verification (NDI).

Final inspection can include:

e Ultrasonic testing (UT) for delamination;
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e Infrared thermography (IRT) for voids and bond quality;

e Acoustic emission (AE) monitoring during proof load (static deflection test at 60—-70 % design
load).
If no emissions exceed 45 dB threshold, the repair is accepted [32].

5.1.5. Documentation and Traceability

All repair activities are logged in a Repair Record Form (RRF) including:
e  Work order ID, blade serial, coordinates on the blade;
e Environmental conditions (T, RH, wind speed);
e Material batch numbers and expiry dates;
e Vacuum logs, temperature history, NDI results;
¢ Photographic documentation before, during, and after repair.

This documentation ensures compliance with [37] and OEM quality assurance standards, allowing

auditability throughout the turbine’s life cycle.

5.2. Necessary tools and equipment

The choice of tools and equipment directly affects repair efficiency and safety, especially on tall onshore

turbines (hub heights 80—-120 m).

5.2.1. Access and Positioning Systems

Onshore repairs are typically performed using:

e Rope-access systems (IRATA or GWO-certified), which allow technicians to reach any blade

position with minimal setup time;
e Mobile suspended platforms or cherry pickers for small turbines (< 70 m hub height);
e Ground cranes when full blade detachment is required.

Offshore, rope-access is supplemented by blade-climbing robots or nacelle-mounted cradles. For

comparison, mobilisation time for an onshore rope-access team is 1-2 h versus 4-6 h offshore [50].

5.2.2. Preparation and Lay-up Tools

Essential equipment includes:

e Electric or pneumatic sanders with integrated dust extraction;
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e Thickness gauges for scarf verification;

e Vacuum pumps and manifolds rated to 0.95 bar;

e Peel-ply, release film, breather cloths, and heat blankets;

e Digital thermocouples and data loggers (for cure monitoring);
e Infrared thermometers for surface temperature control;

e Mixing scales and static-mix cartridges for epoxy dispensing.

Calibration of instruments must be verified within 12 months (per ISO 10012) and recorded in

calibration logs.

5.2.3. Environmental Control and Safety Equipment
Environmental control devices include portable shelters, dehumidifiers, and air heaters. Temperature

and RH sensors continuously monitor the curing environment.
Safety equipment includes:
o Fall-arrest harnesses and anchor points certified per EN 795;
e Chemical-resistant gloves and respirators (A2/P2 filters);
o Portable first-aid kits and emergency descent systems.

All personnel must complete the GWO Blade Repair Training [51].

5.3. Safety regulations and standards

Blade repair operations combine hazards typical of working at height, chemical handling, and electrical

curing systems.
Therefore, three groups of standards apply:
1. Occupational Safety:

e SO 45001:2018 — Occupational Health & Safety Management;
e EU Directive 2001/45/EC — Work at Height;
e [EN365/EN 813 — PPE for fall protection.

2. Composite and Adhesive Handling:

o SO 14692 — Composite Repair of Piping (methodology reference for bondline QA);
e /SO 9142 — Conditioning for Adhesive Testing;
e DNV-ST-0376 — Rotor Blades (repair requirements).
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3. Training and Competence:

e  GWO Blade Repair Training Standard,, defining minimum training requirements for

technicians.

Epoxy and  polyurethane  systems  contain  reactive  amines and  isocyanates.
Mixing must occur in ventilated zones or portable fume tents; waste resins are polymerised before
disposal as non-hazardous solids. Technicians must consult Safety Data Sheets (SDS) for each resin
batch and wear full PPE: nitrile gloves, full-face respirators, and disposable coveralls. Eye rinses and

chemical-spill kits must be available on site.

Heat blankets and UV lamps are powered by 110 V or 230 V circuits protected by residual current
devices (RCD < 30 mA). Cables must be waterproof and rated for outdoor use.
All field teams must carry Class B fire extinguishers and perform a 15-min post-cure temperature check

before demobilisation.

A rescue plan must be submitted before work, specifying anchor points, communication procedures, and
evacuation time (< 15 min). Periodic emergency drills are mandatory every six months, recorded in the

site HSE logbook.

5.4. Factors influencing the duration of the intervention (damage type,

weather conditions, accessibility)

Repair duration (t,) and total downtime depend on physical, environmental, and logistical factors.

Predictive estimation supports O&M scheduling and helps minimise LCOE impact.

5.4.1. Type and Extent of Damage
From NREL and SPARTA databases [38], average repair times are:

e Surface recoating (LEE): 4-8 h per blade;
e Trailing-edge delamination (< 0.5 m): 10-12 h;
e Core replacement (0.2—0.5 m?): 24-36 h;
e Spar-cap repair: 48—72 h (including proof-load testing).
Empirically, repair time grows approximately with damaged area A4 as:
t, = a+ bAY®® (5.1

where a= setup time (~2 h) and b= 20-30 h/m? for onshore operations.
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5.4.2. Environmental Conditions
Curing rate 7.0f epoxies is temperature-dependent: a 10 °C increase in ambient temperature typically
halves cure time.
However, excessive humidity (> 70 %) or temperature below 10 °C retards polymerisation and increases
amine blush risk, potentially lowering shear strength by 25 %.
Weather forecasts (wind < 12 m/s, RH <70 %, T > 15 °C) are therefore used to schedule interventions;

deviations require temporary enclosures.

5.4.3. Economic Implications

Total cost of an onshore blade repair (C;,;) combines material, labour, access, and downtime losses:
Ciot = Cpp + Gyt + Co + Cg (5.2)
Typical ranges:
e (,,(materials): 100-300 €;
e ((labour): 50-80 €/h;
e (,(access): 500-2000 €;
o (gp(energy loss): 1000-4000 €/day for a 3 MW turbine at 30 % capacity factor.

Optimising t, through faster-curing materials or parallel operations thus has a direct effect on LCOE

reduction, especially in large onshore farms with > 100 turbines.

5.4.4. Concluding Remarks
Onshore repairs, thanks to better environmental control and accessibility, allow high-quality structural
restoration using epoxy and glass-fibre systems with full documentation and NDIL
Duration and cost remain sensitive to  weather, team skil, and planning.
Reliability-centred scheduling, combined with proper tooling and certified training, ensures that onshore
blade repairs meet both structural integrity and economic efficiency targets over the turbine’s 20-year

lifespan.
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6. Case study: analysis of a repair site

This chapter presents an in-depth analysis of a real onshore blade repair campaign conducted in the Val
Fortore region (Benevento, Campania, Italy), an area well known for its high wind resource and its
strategic role in Italy’s wind power production. The site consists of multiple Vestas V90-2.0 MW wind

turbines featuring 45 m blades on 80 m steel towers, exposed to persistent south-westerly winds.

This section integrates all theoretical principles into a real field scenario, demonstrating how inspection,
material selection, methodology, curing requirements, AEP considerations, and operational constraints

converge in practice.

The intervention lasted nine days and involved three certified blade technicians operating from a mobile
suspended platform, as illustrated in Figure 20, under environmental conditions typical of the area (high

wind variability, intermittent rain, and elevated humidity).

The purpose of this chapter is not only to document the chronological evolution of the repair, but to

contextualize each phase within the broader engineering framework defined in the previous chapters.

Figure 20: Supended platform
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6.1. Initial damage assessment and severity classification
The initial inspection, executed with a high-resolution camera from the ground, initially showed two
noticeable defects: the trailing edge open for 1,5 meters and the crack on the SS due to a lightning
strike.

In Figures 21 and 22 are illustrated the pictures acquired from the inspection of the blade done prior to

the intervention on site.

Figure 22: Lightning strike on SS Figure 21: Open TE

During the inspection via the suspended platform used for the repair intervention, a PS crack and
severe LE erosion have been identified as defects that needed immediate repair, to avoid further

degradation.
The defects that have been treated, and summarized in Table 4 are:

e Leading-edge erosion over a length of approximately 12 m, extending across the outboard
region of the blade. The erosion affected both the coating and underlying laminate, with
localized loss of material.

e Trailing-edge opening over 2.5 m, this defect is typically associated with adhesive fatigue and
environmental degradation, requiring structural rebonding and laminate restoration.

e Pressure-side crack of approximately 30 cm, penetrating into the composite laminate. This
damage indicated local stress concentration or manufacturing anomalies exacerbated by fatigue
cycles. This required a full scarf repair to restore laminate continuity.

e Lightning strike damage on the suction side, extending 30 cm, characterized by burnt laminate,

matrix recession, and local debonding around the strike point.

The blade exhibited four distinct defects, each located, classified, and prioritized according to the criteria

introduced in Chapter 3 (Defectology) and Chapter 4.3 (Repair Selection Criteria).
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Table 4: Damage severity classification

Structural
Defect Extent Location Severity class Justification

relevance

Laminate penetration; risk
PS crack ~12m |LE High 4 - Major of delamination

propagation

Bond-line compromised;
TE opening ~2.5m |TE High 4 - Major potential stiffness

reduction

Local thermal degradation;
Lightning strike |~30 cm | PS Medium 4 - Major LPS continuity to be

verified

) ) Aerodynamic loss; long
LE erosion ~30cm |SS Low—Medium |3 - Moderate )
erosion span

The combination of structural and surface defects required a multi-layered repair strategy, balancing:

e structural integrity (EI recovery)’
e aerodynamic restoration

e operational safety

e environmental constraints

e minimisation of downtime and AEP loss

This classification guided the entire repair sequence described in the sections below.

6.2. Applied methodologies: materials and techniques used

Based on the criteria in Chapter 4.3, the repair strategy followed the methodology:

e Structural repairs first (crack, TE opening, lightning)
e Surface repairs after (leading edge)
e Materials selected for compatibility with V90 laminate

e Environmental conditioning mandatory (T, RH, wind)

In Table 5 are listed the materials used for the repairs:

® Bl recovery refers to the percentage of bending stiffness restored in the repaired laminate, where E is the Young’s modulus
and / is the area moment of inertia. It indicates how closely the repaired section matches the original structural stiffness of the
blade, and is commonly used to assess the effectiveness of scarf repairs and laminate reconstructions.
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Table 5 : Materials used

Material Function
Epoxy resin + hardener Structural laminate rebuild | Mixed with +3% tolerance
. . Patch k i lami
Biaxial fiberglass Reinforcement atch — stack  restoring  laminate
architecture
Structural adhesive TE . bond-line Controlled bead thickness
reconstruction
Filler/Mastic Aerodynamic profiling Post-cure fairing
Polyurethane topcoat Surface protection UV and erosion resistance

The epoxy—amine system required temperature stability between 16—30°C and relative humidity < 80%,

parameters monitored continuously using calibrated sensors.

Witness samples of each resin batch were cured alongside the repair, ensuring full traceability and

verification of cure degree.

6.3. Repair methodology and workflow
The full repair process followed the structured methodology described in Chapters 4 and 5. The repair
methodology adopted during the Val Fortore campaign followed a consolidated structured sequence,

while incorporating field constraints related to weather exposure, accessibility, and material handling.

The workflow can be articulated into five main phases: assessment, cleaning and surface preparation,

lamination and adhesive application, curing, and final finishing and verification.

Each phase was executed with strict control of environmental conditions and material specifications to

ensure long-term structural integrity and compliance with industrial standards.
1. Assessment

The first phase consisted of a complete assessment of the damaged areas, performed through close-range
visual inspection and tap testing. The team verified the extent of the leading-edge erosion, trailing-edge
opening, pressure-side crack, and lightning strike damage, ensuring that all defective or weakly bonded

materials were precisely identified.
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Before any physical intervention, the technicians also confirmed that the repair specification, materials,
and tools corresponded to the approved configuration. All consumables — epoxy resin, hardener,
structural adhesive, biaxial fabric, filler, and topcoat — were checked for traceability, expiration date,
storage conditions, and conformity to the repair design. Only once the assessment confirmed the

feasibility of an in-situ repair and the readiness of all materials could the team proceed to the next phase.

Structural zones (crack + TE opening) were prioritised, followed by lightning damage and leading-edge

erosion.
2. Cleaning and Surface Preparation

Initially, the surface was cleaned using solvent-compatible techniques to remove dirt, insects,
operational deposits, and grease. This pre-cleaning step is essential to prevent contaminants from being

pushed deeper during sanding.

Damaged laminate, burnt material, and deteriorated adhesive were then removed through controlled
grinding, ensuring no unintended damage occurred to adjacent sound plies or core structures. Scarfing

was performed, creating a gradual transition between old and new composite.

Once grinding was complete, the repair zone was cleaned again, using an oil-free compressed air, to
avoid clogging micro-pores with moist dust. Environmental conditions were continuously monitored:
ambient and blade temperatures were kept within a window of 16-30°C, and relative humidity remained

below 80%, delaying operations when conditions exceeded acceptable limits.
3. Lamination, Adhesive Application and Consolidation

Structural adhesive was applied to re-establish the trailing-edge bond line, ensuring complete contact

and uniform pressure across the chamfered surfaces before over-lamination, as illustrated in Figure 23.

Figure 23 : Structural adhesive
application
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Once the substrate was fully prepared, the reconstruction phase of the composite structure began.
The epoxy resin and hardener are mixed. For each batch, a witness specimen was cast and cured adjacent

to the repair to guarantee traceability and enable future verification of resin behaviour.

Biaxial fiberglass patches were applied in carefully designed sequences, with progressively increasing
patch sizes to restore the original laminate thickness and fibre orientation. Full impregnation was
ensured through controlled resin application and consolidation with hand rollers, with the goal of

maintaining a void content below 4%.

Figures 24, 25 and 26 illustrate the process of laminate patch reconstruction, in the first the biaxial
fiberglass patch is applied, covering the length of the opened TE, while in the second the patch is
impregnated with resin via a roller to make sure the resin covers the entire surface and no section is left

untreated. This process is repeated six times.

Figure 26 : First biaxial fiberglass Figure 25 : Patch impregnated with
patch is applied resin protected from
environment exposure
during cure

4. Curing phase

To ensure necessary curing requirements a heat blanket has been used, set to a controlled temperature
guaranteeing a stable resin polymerisation. For field repairs, maintaining the resin within the correct
thermal window is essential. Epoxy systems should generally cure within 16-30°C, and relative
humidity should remain below 80% to avoid amine carbonation, surface inhibition, or the formation of
“amine blush” that compromises adhesion [45]. When ambient conditions fall outside this range — as
in the Val Fortore case study where temperature such as 14-15°C where experienced — the use of heat

blankets becomes critical to ensure sufficient polymerisation and mechanical performance.
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During curing, the resin transitions through three phases:

e Initial liquid phase, during which fibres are impregnated and consolidation occurs;

e Gel phase, when molecular weight and viscosity rise rapidly and the laminate becomes
dimensionally stable;

e Post-cure phase, during which the network approaches its final crosslink density and mechanical

properties.

Upon completion of this phase, hardness checks were carried out to verify that the resin had reached

sufficient strength before proceeding.
5. Finishing and surface protection

After the laminate reached full structural cure, the surface was refined through successive sanding steps
to restore aerodynamic continuity. A mastic layer was applied to eliminate minor irregularities and
reconstruct the blade’s original contour. Final sanding prepared the area for coating, which was
performed using a compatible topcoat, aligned with the original blade protection system. This final
protective layer is critical to ensure long-term resistance against erosion, UV degradation, and

environmental exposure.

An example of these processes are illustrated in Figures 27, 28 and 29 which depict the repair done on

the open TE.

Figure 27 : Surface sanded Figure 28 : Mastic layer Figure 29 : Topcoat applied
after lamination applied
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6.4. Historical progress and analysis of repair timeframes

The repair campaign progressed through a series of sequential steps that reflected both the technical
priorities of the damaged areas and the constraints imposed by on-site environmental conditions.
Although the methodological details have been described in Section 6.3, the chronological evolution of
the work reveals how the blade transitioned from its initial deteriorated state to a fully restored condition.
At the beginning of the intervention, the technicians documented the four main defects through close-

range inspection.

Figure 30 shows the initial state of the pressure-side crack, a 30 cm fracture penetrating into the laminate.

Step name Order | Layer type Layer variant Liength Rlength AT BYC A%
LAM 01 1 -- None — +45/-45 150 gsm 220 300 430 4
LAM 01 2 -- None — +45/-45 150 gsm 250 350 1430
LAM 01 3 +45/-45 150 gsm 330 330 1430
LAM 01 4 +45/-45 150 gsm 530 700 1430
5
5

55885 8

LAM 01 +45/-45 150 gsm 650 800 14 30

LAM 01 +45/-45 150 gsm 700 840 14 |30

- . \

Figure 30: Repair evolution of a crack
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Figure 31 illustrates the 2.5 m trailing-edge opening, where the adhesive joint had progressively

separated.
Step name Order | Loyer Type Laryer variant Llengih Rlength A'C BIG A%
LAM D1 1 Biax +45/-45 300 gsm 300 40 15 14 53
LAMD1 2 Biax +45/-45 300 gsm 350 20 15 |14 53
LAM 01 3 Biax +45/-45 300 gsm 2100 100 15 14 53
LAMD1 4 Biax +45/-45 300 gsm 2200 60 15 |14 53
LAMD1 5 Biax +45/-45 300 gsm 2300 140 15 |14 53

Figure 31: Repair evolution of an open TE
Figure 32 captures the 30 cm lightning strike scar on the suction side, characterised by burnt resin and

local fibre exposure.

Step name Order | Layer fype Layer variant Llength Rliength AT B'C A%
LAM 01 1 Biax +45/-45 200 gsm 400 2 15 30 &
LAM 01 2 Biax +45/-45 200 gsm 430 120 15 30 &
LAM 01 3 Biax +45/-45 200 gsm 600 25 15 30 &

Figure 32: Repair evolution of a lightning strike damage

Finally, Figure 33 depicts the 12 m leading-edge erosion, the most extensive defect, with coating

removal and progressive laminate exposure across the outboard region.
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Step name Order  Layer type Layer variant Llength Rlength AT B'C AX
LAM 01 1 Biax +45/-45 1200 gsm 12000 130 14 13 55

Figure 33 : Repair evolution of a LE erosion

The chronological evolution of the repair highlights how technical procedures adapt to real operational

constraints.

The first days of the campaign focused on fully exposing and stabilising the damaged areas. The trailing-
edge opening and the crack were prioritised due to their structural relevance, while the lightning strike
area and the long leading-edge erosion were scheduled for later phases. Weather interruptions —
particularly strong gusts and humidity levels exceeding the acceptable limits for epoxy processing —
forced several adjustments to the daily plan. As a result, progress was structured in flexible blocks rather

than strict day-by-day assignments.

As the scarfing and removal of degraded material progressed, the visual appearance of each defect
evolved rapidly. The crack area depicted in Figure 29 transitioned from a sharp linear fracture to a wide,
uniformly tapered surface ready for lamination. The trailing-edge region shown in Figure 30 underwent
chamfering and complete adhesive removal, revealing a clean, controlled geometry suitable for
rebonding. Similarly, the lightning strike damage in Figure 31 changed significantly as charred fibres,
scorched gelcoat and heat-affected layers were removed, revealing a stable substrate for reconstruction.
The leading-edge zone illustrated in Figure 32 became progressively uniform as technicians stabilised

the eroded surface and prepared the long scarf required for rebuilding.

Once all preparation stages were completed, the technicians proceeded with the sequential

reconstruction of each defect. Curing represented a turning point in the visual evolution of the repairs.
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The use of the heat blanket allowed the epoxy to reach polymerization when temperatures dropped, and
technicians monitored the thermal profile continuously to prevent under-curing. After hard cure was
achieved, the filler application, sanding and surface fairing began to unify the repaired zones with the
original blade contours. At this stage, the defects began to lose their visual prominence, transitioning

from distinct repair sites into smoothly integrated sections of the blade.

In the final stages, the application of the topcoat provided both aesthetic and functional completion. The
repairs that once appeared as open cracks, burnt laminates, or eroded surfaces were now
indistinguishable from the surrounding laminate. A final inspection confirmed full structural continuity,

proper adhesion, and acceptable surface finish quality.

Table 6 : Daily progress log

Day  Activities Weather Damages treated

1 Platfjom.l installation, chamfering, adhesive 18°C, 6 m/s Open TE
application

2 Lamination on PS side 18°C, 8 m/s Open TE

3 Sandlng‘and adhesive application on TE - SS side, 18°C, 6 m/s Open TE, Crack PS
chamfering crack PS

4 TE - SS side lamination, lamination on crack PS 18°C, 3 m/s Open TE, Crack PS
Heat blanket on crack PS, TE - SS side lamination, | , -,

> TE - PS side mastic and topcoat application 17°C, 4 m/s Open TE, Crack PS
TE - SS side sanding, mastic and topcoat Open TE, Crack

6 application, lamination on crack PS, Lightning|17°C, 5 m/s PS, Lightning
strike SS chamfering and adhesive application damage SS
LE chamfering, Lightning strike SS lamination and LE crosion,

7 assisted curing with a heat blanket 18°C, 4 m/s Iélsghtnlng damage
LE chamfering, LE lamination, Crack PS LE erosion,

8 chamfering and mastic application, Lightning|17°C, 4 m/s Lightning damage
strike SS chamfering and mastic application SS
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LE erosion,
117°C, S m/s Lightning damage
SS. Crack PS

LE, SS and PS sanding and topcoat application
disinstallation of suspended platform

Overall, the historical progress of the campaign demonstrates the dynamic interplay between planned
repair procedures, environmental realities, and material behaviour. The images captured in Figures 30—
33 document the transformation from initial degradation to restored integrity, illustrating the cumulative
effect of each phase — preparation, lamination, curing, and finishing — on the final outcome of the

blade.

Table 7 summarizes the effective working hours dedicated to each defect during the nine-day repair
campaign. Preparation times include surface cleaning, controlled grinding, scarf shaping and dry-
cleaning and adhesive application where needed. Lamination times refer to resin mixing, lay-up and
assisted curing times performed with a heat blanket, while finishing includes filler application, sanding

and coating.

Table 7 : Time Allocation per Defect

Defect Preparation Lamination Finishing Total Time

Pressure-side
crack (30 cm)
Trailing-edge
opening (2.5 m)

2h 9h 2h 13h

3h 14h 3h 20h

Lightning strike
damage (30 cm)

1h 4h 2h 7h

Leading-edge
erosion (12 m)

TOTAL  (sum
across all — — 54 h
defects)

4h 6h 4h 14h

In this repair campaign, the epoxy system was first subjected to a 4 hour heat-assisted curing cycle using
a heating blanket, ensuring gelation and early polymerisation. After approximately 16 hours at an
ambient temperature of around 18 °C, the laminate exhibits sufficient hardness for sanding and profiling.
As typical for structural epoxies, the mechanical properties and glass transition temperature (Tg)

increased gradually with time, approaching full ambient cure after a few days.
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This behaviour is driven by the exothermic nature of epoxy—amine polymerisation: once the reaction is
initiated, the molecular crosslinking releases heat internally, allowing the network to continue

developing even at moderate temperatures.

By applying the laminate theory discussed in Chapter 4, the performed scarf repairs are estimated to

restore:

e 90-96% of local bending stiffness (EI)'
e >95% of in-plane shear stiffness (GXY)!"!

e Full bond-line integrity in TE segment
Curing was validated through:

e thermal monitoring
e hardness testing

e witness sample curing

This case study confirms that the integration of structured methodology, trained technicians, and flexible
access equipment allowed the team to complete a complex multi-defect repair under challenging
environmental conditions, reinforcing the importance of process optimization in modern blade

maintenance.

10 Local bending stiffness is the resistance to bending deformation at a specific point or along a specific section of a structure.
" In-plane shear stiffness is the resistance of a material or structure to deformation in shear, specifically within the plane of the
material itself
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7. Cost and sustainability assessment

Wind turbine blade repairs are not only a technical challenge but also an economic and environmental
decision. As wind farms age and the installed capacity increases worldwide, the cost-effectiveness and
sustainability of repair interventions have become key indicators for asset management. The following
sections present a comprehensive evaluation of the economic, environmental, and strategic implications
of repair and maintenance operations, focusing on onshore applications where data availability and

logistics are most robust.

7.1. Economic analysis of repairs

The economic evaluation of repair interventions integrates direct costs, indirect downtime losses, and

long-term effects on energy yield and component lifetime.

For onshore wind farms, maintenance and repair typically account for 10-20% of the levelized cost of

energy (LCOE) [52], with blade-related repairs representing 15-25% of annual O&M expenditures [53].

7.1.1. Cost Components

A full cost breakdown includes four primary components:
Ciot =Cn + C;+ Cy + Cg

where:

e (p,: Material costs (resins, adhesives, fabrics, coatings);

e (;: Labour costs, proportional to repair time t,.;

e (,: Access costs, including cranes, rope systems, or mobile platforms;

e (g: Downtime cost, representing lost energy production during the repair period.
Typical values for onshore repairs:

e (,, =100-300¢€,

e (,=60-80€h7L,

e (, =400-2000¢€,

e (r =3000-4000 € per day (for a 3 MW turbine 100 €/ MWh electricity price).
A small surface recoating may cost only 300—-500 €, while a core repair or trailing-edge delamination

may reach 2,000-3,000 €, including access and downtime. In contrast, a major spar-cap replacement or
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blade section swap can exceed 15,000 €, highlighting the strong economic incentive to prioritise early

detection and minor repairs [32].

7.1.2. Influence of Repair Strategy on LCOE
The contribution of repair activity to the Levelized Cost of Energy (LCOE) is non-linear.
Preventive repair strategies, even if more frequent, tend to lower long-term LCOE by reducing

unplanned downtime and extending component life.

For onshore farms, simulation studies [54] show that implementing predictive and reliability-based
repair scheduling can reduce annualised O&M costs by 15-25%, lowering the LCOE by 3—4 €/ MWh

compared to purely reactive approaches.
This reduction comes mainly from:
e lower mobilisation frequency (optimised clustering of repairs)
¢ reduced downtime losses through pre-emptive scheduling in low-wind periods;

e improved component lifetime (delay of replacement by 5-8 years).

7.1.3. Economic Threshold for Repair vs Replacement
The decision to repair or replace a damaged blade depends on the balance between repair cost and the

residual energy yield expected after intervention.
For most onshore cases:
e Repair cost = 0.05-0.10 Cost of full replacement,
e Ratio of post — repair energy yield to that of a new blade = 0.9,

meaning that repairs are economically justified in >90% of structural and surface damage cases,
provided accessibility is not a limiting factor. Only catastrophic failures (spar cap rupture, lightning

burn-through) tend to exceed this threshold [37].

7.2. Environmental impact of repairs (waste reduction, lower material usage)

The environmental impact of repair operations is closely tied to resource consumption, waste generation,

and the carbon footprint associated with materials and logistics.

Repairing rather than replacing a blade aligns directly with circular economy principles [55], since it

prevents large composite waste streams and reduces embodied energy.
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7.2.1. Material Savings and Waste Reduction
A single 60-meter blade weighs about 12 tonnes, of which 70—-80% is composite material (fibreglass +
epoxy).
Replacing a blade requires manufacturing, transport, and disposal of an equivalent mass, resulting in 8—

10 tonnes of waste and 15-20 tonnes of CO2z-equivalent emissions [37] [56].
By contrast, a structural repair typically consumes:

e 2-5 kg of epoxy resin,

e 1-3 kg of fibreglass,

¢ and generates <10 kg of solid waste.

Thus, a repair intervention prevents >99% of composite waste compared to full replacement.
Onshore repairs also eliminate the need for heavy transport and disposal logistics, further cutting CO:

emissions by up to 30% per operation [32] [57].

7.2.2. Recyclability and Emerging Sustainable Materials
Recent developments include bio-based epoxies and thermoplastic repair systems, which enable partial
reprocessing and end-of-life recycling. NREL tests [48] demonstrated that reactive thermoplastic
patches can be reheated and re-bonded multiple times, maintaining >90% of mechanical performance.
Similarly, waterborne polyurethane coatings introduced by 3M and Gurit reduce VOC emissions by

>70% during surface repair [58].

Such innovations reduce both the carbon footprint and the toxicity of repair materials, a major step

towards sustainable blade lifecycle management [59].

7.3. Integrated Economic and Strategic Comparison of Maintenance

Approaches

The implementation of optimization strategies — combining predictive maintenance, digital monitoring,
and advanced materials — yields measurable economic and environmental returns. Repair operations
must be viewed within the broader context of wind turbine maintenance strategy. While corrective,
preventive, and replacement strategies each serve a purpose, they exhibit markedly different profiles in

terms of cost, downtime, AEP impact, and sustainability.

Integrating Al-based condition monitoring (acoustic, thermographic, and vibration analysis) with repair

planning allows early detection and clustering of interventions [52].
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Switching from traditional epoxy systems to UV-curable or accelerated systems [49] reduces personnel

and access costs by 20-25% per repair [52].

Beyond economics, sustainability gains contribute to corporate ESG  performance.
Repairs reduce material waste and emissions, improving the overall environmental score of a wind farm
under EU Taxonomy and ISO 14064 reporting frameworks. For operators managing >500 MW of
capacity, verified emission reductions from repair-based maintenance can correspond to 300—500 tonnes

COze avoided per year, translating into significant carbon credit value in voluntary markets [61] [62].

To integrate the economic outcomes and the strategic comparison, Table 8 provides a consolidated

assessment of the main approaches [54], [52], [53].

Table 8: Maintenance strategies

Average Downtime Waste Environmental
Strategy Description Cost (%) Generation Footprint
(€/year/MW) "° (kg/blade/year) (CO:e)
Reactive Repairs after
. failure; minimal | 8,000-10,000 |3.5-4.0 150-200 High (unplanned)
Maintenance .
planning
Preventive Scheduled
. inspections and | 6,000-8,000 |2.0-2.5 60-80 Moderate
Maintenance . .
minor repairs
Optlmlzatlon— .| Coordinated
Driven - Repair logistics and
(Smart U{g//e oxv hvbrid 4,000-5,000 1.2-1.8 <40 Lowest
Scheduling  +| ¢ sterlqu yhy
Fast Curing) Y

e Reactive repairs, while simpler to manage, generate the highest economic and environmental
burden due to unpredictable downtime and emergency mobilisation.

e Preventive strategies reduce downtime but can over-allocate resources if inspection frequency
is excessive.

e Optimization-driven approaches, combining logistics clustering, and new curing technologies,

achieve the lowest total cost and footprint.

In the 20-year lifetime of a typical onshore wind farm, applying optimization-based repair strategies can

reduce:
e O&M costs by up to 25%,
¢ lifecycle CO: emissions by 10—15%,

e waste generation by >90%, compared to reactive approaches [55], [37], [57].
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These results demonstrate that technical optimization directly translates into economic and
environmental sustainability, making efficient repair methodologies a central pillar of long-term

renewable energy viability.

A well-structured repair policy, integrating economic efficiency and environmental stewardship, ensures
both profitability and sustainability of wind energy assets.
For onshore operations, where logistical flexibility is higher and data accessibility greater, repair

optimization delivers the strongest return on investment and the lowest environmental footprint.

This reinforces the principle that engineering optimization is not only a cost-saving measure but a driver
of environmental responsibility, closing the loop between reliability, circularity, and sustainability in

the wind energy lifecycle.
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8. Conclusions

The repair of wind turbine blades represents one of the most strategically relevant aspects of wind energy
engineering, bridging the domains of structural mechanics, materials science, operational management,
and environmental sustainability. Throughout this work, a comprehensive analysis has been conducted
to assess the technological, economic, and ecological dimensions of blade repair. The research
demonstrates that the optimization of repair methodologies is a decisive factor in enhancing turbine
reliability, reducing lifecycle costs, and supporting the broader goals of circular economy and

decarbonization in the renewable energy sector.

From a technical standpoint, the study confirms that both structural and surface repair techniques are
capable of restoring the functional integrity of wind turbine blades to a degree closely approximating
their original performance. The choice of materials emerges as a critical factor in repair performance:
UV-curable and thermoplastic resin systems, now available on the market, significantly reduce
processing time and energy consumption, enabling complete field repairs within hours rather than days,
without compromising the mechanical integrity of the joint. Correct surface preparation, humidity
control, and mix ratio calibration are essential for ensuring long-term fatigue resistance and minimizing

the risk of premature delamination or microcracking.

The process analysis developed in this thesis underlines that the quality of execution during repair
operations is as decisive as the material properties themselves. Onshore field observations confirm that
the most significant variables influencing repair duration and cost are accessibility, weather conditions,

and operator experience.

The average repair cost for onshore operations ranges from a few hundred to a few thousand euros,
corresponding to less than 10% of the cost of manufacturing and installing a new blade, while yielding
comparable energy production recovery. Predictive maintenance and optimized scheduling models, such
as DTU’s WindFarmPlanner, have proven capable of reducing overall operation and maintenance
(O&M) expenditures by 15-25%, resulting in a 3—4 €/ MWh reduction in the levelized cost of energy
(LCOE) [54]. These findings are consistent with the economic models of Paasch and Henriksen (2022),
which demonstrate that data-driven maintenance planning yields a return on investment (ROI) within
two to three years for most onshore wind farms. Furthermore, process improvements such as faster-
curing resin systems, UV-based polymerization, and modular logistics have shortened downtime and

reduced labor demand, improving overall asset availability [53].
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Environmental analysis reinforces the conclusion that repair-based maintenance represents one of the
most sustainable actions available within the wind energy lifecycle. Replacing a 60-metre blade entails
the disposal of 8-10 tons of composite waste and approximately 15-20 tons of CO:-equivalent
emissions. A typical repair, by contrast, consumes only a few kilograms of resin and reinforcement
materials, generating less than 10 kilograms of waste. Life-Cycle Assessment (LCA) studies conducted
by Jensen et al. (2023) and the DNV Circular Economy White Paper (2023) confirm that such
interventions align with the EU’s sustainability targets, preventing up to 90-95% of waste and emissions
associated with manufacturing new blades [57] [56]. The adoption of recyclable thermoplastic systems
and waterborne polyurethane coatings further enhances the environmental profile of the repair process,
reducing volatile organic compound (VOC) emissions and facilitating partial material recovery at end-

of-life.

On a systemic scale, the integration of predictive maintenance, fast-curing materials, and digital
monitoring creates a synergistic loop between cost efficiency and sustainability: each euro invested in
optimization strategies yields not only direct financial savings but also measurable reductions in
environmental footprint and carbon intensity. According to ISO 14064 reporting standards and the EU
Taxonomy for sustainable economic activities, repair-driven maintenance directly contributes to the
mitigation of greenhouse gas emissions, while improving the ESG (Environmental, Social, and
Governance) performance of wind farm operators [61]. For large onshore portfolios exceeding 500 MW,
this can correspond to 300—500 tons of CO- avoided annually, translating into both environmental value

and economic advantage through carbon credit schemes.

The engineering optimization of repair methodologies is not merely a cost-saving strategy but a central
pillar of sustainable wind energy management. By extending blade lifetime, reducing material
consumption, and minimizing downtime, optimized repair practices ensure the resilience and
competitiveness of onshore wind farms. They also represent a tangible contribution to the European
Green Deal objectives, enabling a practical form of circularity within the renewable energy sector. As
the wind industry evolves toward larger turbines, complex composite architectures, and offshore
expansion, the experience gained from onshore repair optimization will serve as a foundation for

developing automated, sensor-driven, and environmentally responsible maintenance systems.

Looking ahead, the evolution of blade repair will depend on three converging directions: the adoption
of'advanced materials, the automation of field processes, and the digitalization of decision-making. Bio-
based thermoplastic resins, hybrid fiber systems, and low-VOC adhesives will gradually replace

traditional epoxy formulations, improving recyclability and lowering carbon intensity. Robotic and
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semi-autonomous systems for inspection, sanding, and curing will reduce human exposure and
standardize repair quality. Meanwhile, artificial intelligence and condition monitoring will enable real-
time assessment of blade integrity, allowing maintenance planning to be predictive, adaptive, and fully
integrated into wind farm management platforms. Research should also focus on the long-term
performance of new materials under cyclic and environmental loading, the development of offshore-
adapted repair automation, and the inclusion of repair metrics within standardized Life-Cycle

Assessment frameworks.

In conclusion, this thesis confirms that optimized repair processes embody the principles of resource
efficiency, environmental stewardship, and engineering innovation that define the future of wind energy.
By merging materials science, digital intelligence, and circular economy principles, the wind industry
can ensure that maintenance operations themselves become a driver of decarbonization, transforming

every repaired blade into a testament of sustainable engineering.
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