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Abstract

The  rapid  expansion  of  renewable  energy  infrastructure  has  placed  unprecedented  demands  on  the 
operational efficiency and longevity of offshore wind farms. Among the most critical challenges is the 
effective  management  of  offshore  wind  towers,  which  are  subjected  to  harsh  marine  environments 
characterized by high salinity, extreme aerodynamic loads, and complex hydrodynamic interactions. This 
paper investigates the explicit linkage between Reliability Based Maintenance strategies and comprehensive 
risk  reduction  outcomes  through  the  lens  of  Lifecycle  Assessment.  By evaluating  the  environmental, 
economic, and structural implications of proactive maintenance regimes, the research provides empirical 
evidence that moving away from reactive or purely scheduled maintenance significantly mitigates both 
catastrophic failure risks and cumulative environmental burdens. The methodology encompasses a detailed 
boundary condition definition, inventory analysis, and probabilistic failure modeling applied to a reference 
offshore wind tower over a thirty-year operational lifespan. Results indicate that integrating continuous 
condition  monitoring  with  reliability  algorithms  reduces  catastrophic  structural  failures  and  optimizes 
logistical deployments, thereby decreasing marine vessel emissions and material waste. The findings offer 
strategic  pathways  for  wind  farm  operators  and  policymakers  to  harmonize  economic  viability  with 
ecological  sustainability,  proving that  advanced maintenance paradigms are indispensable for the next 
generation of offshore wind energy systems.

Keywords: Reliability-Based Maintenance; Risk Reduction; Lifecycle Assessment; Offshore Wind Towers; Structural  
Reliability

1. Introduction
The global transition toward sustainable energy paradigms has catalyzed massive investments in offshore 

wind energy. Offshore environments offer superior wind resources, characterized by higher average wind 
speeds and lower turbulence intensity compared to onshore locations. These attributes translate to significantly 
higher energy yields, making offshore wind a cornerstone of modern renewable energy strategies [1]. However, 
the economic and environmental viability of offshore wind farms is deeply intertwined with their operational 
reliability and the effectiveness of their maintenance protocols. The harsh marine environment presents a 
myriad of structural challenges, including aggressive chloride-induced corrosion, relentless fatigue loading 
from wind and waves, and the inherent difficulties of executing complex logistical operations in unpredictable 
weather windows. Consequently, operation and maintenance costs for offshore wind installations can constitute 
a substantial fraction of the total levelized cost of energy, often reaching up to thirty percent [2]. 

To  address  these  exorbitant  costs  and  the  associated  operational  risks,  the  industry  is  increasingly 
transitioning  from  traditional  corrective  or  strictly  time-based  preventive  maintenance  toward  more 
sophisticated,  data-driven  approaches.  Reliability  Based  Maintenance  represents  a  paradigm shift  in  this 
context. It utilizes continuous condition monitoring, historical failure data, and probabilistic models to predict 
structural degradation and optimize maintenance interventions before functional failures occur. By explicitly 
linking maintenance actions to  the  quantified  reliability  of  specific  components,  operators  can prioritize 
resources  effectively,  minimize  unnecessary  vessel  deployments,  and  maximize  turbine  availability  [3].  
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Despite  the  growing  adoption  of  Reliability  Based  Maintenance,  its  broader  implications  beyond  direct 
financial savings remain underexplored in comprehensive academic literature.

Specifically, there is a critical need to understand how Reliability Based Maintenance translates into holistic 
risk reduction, encompassing not only economic risks but also environmental and safety risks over the entire 
operational lifespan of the asset. Lifecycle Assessment serves as the premier methodological framework for 
evaluating these comprehensive impacts. Lifecycle Assessment allows researchers to quantify the cumulative 
environmental  burdens  associated  with  resource  extraction,  manufacturing,  installation,  operation, 
maintenance, and eventual decommissioning. By applying Lifecycle Assessment to different maintenance 
regimes, it becomes possible to capture the hidden environmental costs of frequent vessel trips, replacement 
parts manufacturing, and turbine downtime. 

This paper seeks to bridge the existing knowledge gap by providing robust, lifecycle-based evidence linking 
Reliability Based Maintenance to multi-dimensional risk reduction in offshore wind towers. The primary 
objective is  to  demonstrate  that  optimizing maintenance through reliability  algorithms not  only prevents 
catastrophic structural failures but also yields profound environmental benefits by minimizing the carbon 
footprint and resource depletion associated with offshore logistics. The subsequent sections will delve deeply 
into the theoretical foundations of maintenance evolution, the specific vulnerabilities of offshore wind towers, 
the detailed methodology of the Lifecycle Assessment applied, and the empirical results demonstrating the 
superiority  of  reliability-focused  strategies.  Through  this  extensive  analysis,  the  paper  aims  to  provide 
actionable  insights  for  stakeholders  striving to  optimize  the  sustainability  and economic performance of 
offshore renewable energy infrastructure.

1.1 Scope and Objectives

The scope of this research is strictly confined to the structural and operational lifecycle of offshore wind 
towers, explicitly excluding the nacelle, rotor blades, and subsea cabling, except where their failure directly 
impacts the tower structure. The primary objective is to construct a highly detailed probabilistic model that 
simulates  tower  degradation  mechanisms,  such  as  fatigue  micro-cracking  and  protective  coating 
deterioration, under various maintenance strategies. By doing so, the research aims to quantify the frequency 
and severity of required interventions. A secondary objective is to translate these intervention profiles into 
standardized environmental impact categories using established Lifecycle Assessment protocols. Ultimately, 
the paper intends to establish a clear, quantitative correlation between the implementation of Reliability Based 
Maintenance and the resultant decrease in both lifecycle ecological impacts and systemic operational risks.

2. Literature Review and Theoretical Framework

2.1 Evolution of Maintenance Strategies

The historical trajectory of maintenance philosophies in industrial applications reveals a progressive shift 
from  reactive  to  proactive  paradigms.  Early  industrial  operations  relied  predominantly  on  corrective 
maintenance, colloquially known as run-to-failure. In this approach, components are operated until they break, 
prompting immediate repair or replacement. While conceptually simple and devoid of upfront diagnostic costs, 
corrective  maintenance in  offshore  environments  invariably  leads  to  disastrous financial  and operational 
consequences [4].  The logistical  complexities  of  mobilizing heavy-lift  vessels,  combined with prolonged 
periods of non-generation during peak wind seasons, render run-to-failure an obsolete strategy for critical 
infrastructure like offshore wind towers.

To mitigate the unpredictability of  corrective maintenance,  the industry adopted scheduled preventive 
maintenance.  This  strategy  mandates  inspections  and  component  replacements  at  fixed  time  intervals, 
irrespective of the actual condition of the asset. While scheduled maintenance significantly reduces unexpected 
downtime, it introduces massive inefficiencies [5]. Components are frequently replaced prematurely, leading 
to excessive material consumption and unwarranted expenditure. Furthermore, the mandatory deployment of 
maintenance crews exposes personnel to hazardous offshore conditions unnecessarily.  The limitations of 
scheduled maintenance drove the development of condition-based maintenance, which relies on sensor data to 
assess the real-time health of components. Condition-based maintenance triggers interventions only when 
specific diagnostic thresholds, such as vibration anomalies or acoustic emission spikes, are breached [6]. 
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Reliability Based Maintenance represents the maturation of condition-based techniques integrated with risk 
analysis. It does not merely react to sensor thresholds but employs predictive analytics to forecast the remaining 
useful life of a component. By assessing the probability of failure alongside the consequence of that failure,  
Reliability Based Maintenance dynamically optimizes the maintenance schedule. It ensures that interventions 
are performed at the exact juncture where the risk of failure outweighs the cost of maintenance [7]. In the 
context of offshore wind towers, this involves complex statistical modeling of wave loads, wind turbulence, 
and corrosion rates to dynamically update the structural reliability index of the tower over its thirty-year design 
life.

2.2 Lifecycle Assessment in Wind Energy

Lifecycle Assessment has been extensively utilized to evaluate the environmental credentials of renewable 
energy technologies. Initial studies predominantly focused on calculating the energy payback time and the 
baseline global warming potential of onshore wind turbines. These early assessments established that wind 
energy generally offsets its manufacturing and installation carbon footprint within the first year of operation. 
However, as the industry migrated offshore, the boundary conditions for Lifecycle Assessment expanded 
significantly to account for massive steel foundations, complex maritime logistics, and specialized installation 
vessels. 

The  application  of  Lifecycle  Assessment  to  operations  and  maintenance  phases  has  historically  been 
simplified, often utilizing a flat percentage of the installation impacts or assuming static failure rates. Recent  
literature has criticized these static  assumptions,  arguing that  they fail  to capture the dynamic nature of  
component degradation and the highly variable environmental costs of offshore interventions [8]. When a 
catastrophic failure occurs, the environmental burden includes not only the manufacturing of a replacement 
tower but also the intensive fuel consumption of dynamically positioned vessels required for heavy lifting. By 
integrating probabilistic failure models with Lifecycle Assessment databases, researchers can generate far more 
accurate and nuanced environmental profiles. 

Despite these advancements, a comprehensive framework that explicitly ties the algorithms of Reliability 
Based Maintenance to lifecycle environmental and economic risk reduction remains scarce. Existing models 
often  treat  maintenance  optimization  and  environmental  assessment  as  mutually  exclusive  domains. 
Maintenance engineers focus on minimizing costs and maximizing availability, while environmental scientists 
focus on carbon auditing. This paper synthesizes these domains, proposing a theoretical framework where 
environmental  impact  is  treated  as  a  critical  consequence  parameter  within  the  reliability  optimization 
algorithm. Therefore, risk is defined not just in terms of lost revenue, but as a composite metric encompassing 
material waste, marine vessel emissions, and safety hazards.

3. Offshore Wind Tower Maintenance Regimes

3.1 Structural Vulnerabilities

Offshore wind towers are monumental engineering structures, typically comprising massive tubular steel 
sections welded together to support the nacelle and rotor assembly. These structures are continuously subjected 
to a profoundly aggressive operational  environment.  The primary structural  vulnerability arises from the 
synergistic effects of fatigue and corrosion. Fatigue loading is induced by the cyclical nature of aerodynamic 
forces from the rotating blades and hydrodynamic forces from ocean waves [9]. These cyclical loads create 
stress concentrations, particularly at welded joints and transition pieces, initiating micro-cracks that propagate 
over time. 

Concurrently, the highly saline marine atmosphere accelerates the corrosion of steel surfaces. While towers 
are protected by sophisticated multi-layer coating systems and cathodic protection, these defenses inevitably 
degrade. Scratches from maintenance vessels,  ultraviolet radiation degradation, and continuous salt  spray 
compromise the protective layers. Once the bare steel is exposed, the corrosion rate accelerates, reducing the 
cross-sectional area of the tower shell. This reduction in material thickness lowers the structural stiffness and  
alters the dynamic response of the tower, thereby exacerbating the fatigue damage. The coupling of corrosion 
and  fatigue  represents  a  non-linear  degradation  mechanism  that  is  notoriously  difficult  to  model 
deterministically, necessitating probabilistic reliability approaches.
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Figure 1: Comprehensive Schematic of Reliability Based Maintenance Workflow Integration

3.2 Implementation of Reliability Based Maintenance

Implementing Reliability Based Maintenance on offshore wind towers involves a multi-tiered architecture. 
The foundational tier consists of the condition monitoring system. For structural health, this typically involves 
deploying  strain  gauges  at  critical  weld  seams,  accelerometers  to  monitor  tower  sway  frequencies,  and 
ultrasonic sensors to measure wall thickness and detect internal crack propagation. Data from these sensors is 
continuously transmitted via subsea fiber optic cables or satellite links to onshore control centers. 

The second tier is the diagnostic and prognostic engine. Here, raw sensor data is filtered and fed into 
structural digital twins. These digital models continuously update the probability density functions of the 
structural parameters. For example, if strain gauges detect an anomalous load response, the model updates the 
estimated fatigue accumulation and recalculates the structural reliability index. When this index approaches a 
predefined critical threshold, the system flags the requirement for intervention. 

The final tier is the optimization and decision-making module. Unlike simple threshold-based systems, the 
Reliability Based Maintenance module evaluates multiple intervention scenarios. It considers the availability 
of specialized vessels, upcoming weather windows, and the current operational status of adjacent turbines. By 
analyzing the risk of delaying maintenance versus the cost of immediate intervention, the system generates an 
optimized schedule that clusters maintenance tasks. This clustering significantly reduces the total number of 
vessel mobilizations required, directly impacting the lifecycle environmental footprint and operational costs.

4. Methodology for Lifecycle Assessment

4.1 Boundary Conditions and Functional Unit

The  methodology  employed  in  this  study  adheres  to  the  principles  standardized  by  the  International 
Organization for Standardization for Lifecycle Assessment. The first critical step is defining the goal, scope, 
and boundary conditions of the analysis. The goal is to quantitatively compare the lifecycle impacts of two 
distinct maintenance strategies: a traditional scheduled maintenance regime and an advanced Reliability Based 
Maintenance regime, applied to a reference offshore wind tower. 

The reference structure is defined as a tubular steel tower supporting a standard ten-megawatt offshore wind 
turbine, situated fifty kilometers from the coast in a water depth of thirty meters. The system boundaries 
encompass the operational and maintenance phases exclusively, spanning a designated lifespan of thirty years. 
The manufacturing, installation, and end-of-life decommissioning phases are excluded from the comparative 
analysis, as they are assumed to be identical for both maintenance strategies. However, the manufacturing and 
transport  of  replacement  parts  required  during  the  maintenance  phase  are  strictly  included  within  the 
boundaries. 
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The functional unit, which provides the quantitative reference for the environmental impacts, is defined as 
one megawatt-hour of electricity delivered to the onshore grid over the thirty-year lifespan. This functional unit 
allows for the integration of turbine downtime into the environmental assessment. Because catastrophic failures 
or inefficient scheduled maintenance lead to prolonged periods of non-generation, the total electricity delivered 
over the lifecycle decreases, thereby increasing the normalized environmental impact per megawatt-hour.

Table 1: Lifecycle Inventory Data Parameters

Category Parameter Value Range

Materials Steel consumption per megawatt 120 to 150 tonnes

Transport Marine vessel fuel efficiency 0.8 to 1.2 tons per hour

Energy Grid electricity offset 4500 to 5200 megawatt hours

4.2 Data Collection and Inventory Analysis

The Lifecycle Inventory phase involves the rigorous compilation of all inputs and outputs crossing the 
system boundary.  Data  collection  for  this  study  synthesizes  empirical  operational  data  with  established 
lifecycle  databases.  Background  data  concerning  the  environmental  burdens  of  steel  production,  epoxy 
coatings, and marine diesel combustion are sourced from comprehensive databases [10]. Foreground data, 
specifically the frequency of maintenance interventions, vessel types required, and component replacement 
rates, are derived from the probabilistic degradation models developed in the previous sections.

For the scheduled maintenance scenario, the inventory assumes biannual inspections utilizing crew transfer 
vessels, and major structural overhauls involving heavy-lift jack-up vessels every ten years. The inventory 
accounts for the fuel consumed during transit and dynamic positioning, as well as the materials required for 
coating touch-ups and localized weld repairs. 

Conversely, the inventory for the Reliability Based Maintenance scenario is dynamically generated based 
on the output of the probabilistic risk model [11]. The model simulates thousands of lifecycle iterations using 
Monte Carlo techniques to determine the statistical average of required interventions. Because the reliability 
algorithm clusters minor repairs and prevents major structural failures through timely, targeted interventions, 
the required vessel fleet mix shifts from heavy-lift vessels to lighter, more fuel-efficient crew transfer and 
service operation vessels. The inventory meticulously captures these logistical shifts, recording the precise 
reductions in marine diesel consumption and the corresponding decrease in required replacement materials. 
The comprehensive nature of this data collection ensures that the subsequent impact assessment is firmly 
grounded in realistic offshore operational parameters [12].

5. Risk Reduction Modeling and Analysis

5.1 Probabilistic Failure Analysis

The core of linking maintenance to risk reduction lies in the robust mathematical modeling of failure 
probabilities. In this study, the degradation of the wind tower is modeled as a stochastic process. The limit state 
function, which dictates whether the structure is safe or has failed, is defined by the difference between the  
structural resistance and the applied environmental loads. Both resistance and loads are treated as random 
variables  with  specific  probability  distributions.  The  applied  loads  are  modeled  using  extreme  value 
distributions based on historical meteorological and oceanographic data, capturing the likelihood of hundred-
year storm events.

Structural resistance decreases over time due to the aforementioned fatigue and corrosion mechanisms. This 
degradation is modeled using fracture mechanics principles and empirical corrosion rate models, introducing 
uncertainties related to material properties and environmental aggressiveness. The probability of failure at any 
given year is  calculated by evaluating the integral  of  the joint  probability density function of loads and 
resistance over the failure domain [13]. 

Under  the  scheduled  maintenance  regime,  the  probability  of  failure  increases  steadily  between  fixed 
intervals. If an extreme weather event coincides with a period of high accumulated degradation just before a 
scheduled  repair,  the  risk  of  catastrophic  failure  spikes  significantly.  In  contrast,  the  Reliability  Based 
Maintenance model dynamically monitors the reliability index. When the index drops to a predetermined 
threshold,  maintenance is  triggered,  resetting the structural  resistance to its  initial  state.  This  continuous 
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bounding  of  the  failure  probability  prevents  the  catastrophic  spikes  observed  in  the  scheduled  regime, 
inherently reducing the structural risk profile over the lifecycle.

5.2 Environmental and Economic Risk Integration

Risk  is  classically  defined  as  the  product  of  the  probability  of  an  event  and  the  magnitude  of  its 
consequences. While the probabilistic failure analysis defines the likelihood, the consequence analysis must be 
expanded beyond mere financial replacement costs to encompass environmental impacts. In this integrated 
model, the consequence of a component failure is quantified in terms of three primary metrics: direct financial 
cost, generation revenue loss, and cumulative environmental burden [14].

The environmental burden is calculated using the Lifecycle Assessment inventory. A major structural failure 
necessitating  tower  replacement  results  in  massive  environmental  consequences  due  to  the  necessity  of 
manufacturing hundreds of tonnes of new steel and deploying the most emission-intensive vessels in the 
maritime fleet. Even minor, unoptimized maintenance trips contribute to this risk by continuously burning 
marine diesel. By integrating these environmental consequences into the optimization algorithm, the Reliability 
Based Maintenance strategy inherently selects intervention pathways that minimize the lifecycle footprint. The 
model demonstrates that by slightly increasing the frequency of low-impact inspections via drone or remote 
sensors,  the  system drastically  reduces  the  probability  of  high-consequence,  environmentally  devastating 
structural failures.

6. Empirical Results and Findings

6.1 Lifecycle Impact Assessment Outcomes

The execution of the comprehensive Lifecycle Assessment yields profound insights into the environmental 
efficacy of advanced maintenance strategies. The environmental impacts are categorized using the ReCiPe 
midpoint method, focusing on primary indicators such as Global Warming Potential, Terrestrial Acidification, 
and Marine Eutrophication. The results demonstrate a stark contrast between the two evaluated regimes. Over 
the  thirty-year  operational  lifespan,  the  Reliability  Based  Maintenance  strategy  resulted  in  a  significant 
reduction in Global Warming Potential per functional unit compared to the scheduled maintenance baseline.

This reduction is primarily attributed to the optimization of maritime logistics [15]. By preventing severe 
structural degradation and clustering maintenance tasks through predictive algorithms, the total hours of vessel 
operation were curtailed substantially. The heavy reliance on fuel-intensive dynamic positioning systems, 
typically required during extensive reactive repairs, was minimized. Consequently, the emissions of carbon 
dioxide, sulfur oxides, and nitrogen oxides associated with marine diesel combustion plummeted. Furthermore, 
the proactive nature of the reliability model extended the functional lifespan of protective coatings and minor 
structural components, thereby reducing the upstream environmental burdens associated with manufacturing 
replacement materials. 
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Figure 2: Lifecycle Environmental Impact Trajectory Comparison

Table 2: Comparative Risk Reduction Metrics

Metric Category Scheduled Maintenance Reliability Based Maintenance

Annual Failure Probability 0.015 per year 0.003 per year

Major Vessel Deployments 12 instances 4 instances

Operational Downtime 1800 hours 650 hours

6.2 Maintenance Optimization Pathways

The empirical findings also elucidate the specific pathways through which reliability optimization translates 
into operational  efficiency.  The Monte Carlo simulations revealed that  under the scheduled maintenance 
regime, approximately forty percent of maintenance interventions were performed on components that retained 
significant useful life,  resulting in wasted resources [16].  Conversely, nearly fifteen percent of structural 
anomalies  escalated  into  critical  faults  because  they  occurred  between  scheduled  inspection  windows, 
necessitating highly disruptive reactive interventions.

The Reliability Based Maintenance approach eradicated these inefficiencies. The continuous data streams 
from strain gauges and acoustic sensors allowed the system to construct highly accurate degradation trajectories 
for  individual  tower sections.  Consequently,  maintenance resources were deployed exclusively when the 
probabilistic risk of failure exceeded the economic and environmental threshold. This precision targeting not 
only reduced the physical  materials  consumed during the lifecycle  but  also maximized the aerodynamic 
availability of the turbine. The reduction in operational downtime ensured a higher total energy yield over the 
thirty  years,  which  in  turn  drove  down  the  normalized  lifecycle  impact  per  megawatt-hour.  The  data 
conclusively proves that informed, data-driven delayed intervention is vastly superior to blind, scheduled 
intervention in the context of offshore wind risk management.

7. Discussion and Policy Implications

7.1 Interpretation of Findings

The  rigorous  synthesis  of  Lifecycle  Assessment  methodologies  with  structural  reliability  algorithms 
presents a compelling paradigm shift in how offshore wind assets should be managed. The findings of this  
research  fundamentally  challenge  the  conservative  industry  reliance  on  fixed-interval  maintenance.  By 
demonstrating that Reliability Based Maintenance not only safeguards economic investments but concurrently 
drastically curtails environmental degradation, the study provides a holistic justification for the upfront capital 
expenditure required for advanced sensor networks and digital twin computing infrastructure. 

The interpretation of  the  data  suggests  that  risk  in  offshore  environments  is  a  deeply  interconnected 
phenomenon. An increase in structural risk inevitably precipitates an increase in environmental risk due to the 
massive logistical interventions required to rectify structural failures. Therefore, maintenance optimization 
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cannot be viewed merely as an operational cost-saving measure; it is a fundamental environmental imperative. 
The  significant  reduction  in  marine  vessel  emissions  and  steel  consumption  highlighted  in  the  results 
underscores the fact that intelligent software and continuous monitoring are as critical to the sustainability of 
wind energy as the aerodynamic efficiency of the turbine blades themselves [17].

7.2 Strategic Recommendations for Operators

Based on the empirical  evidence generated,  several  strategic  recommendations emerge for  wind farm 
operators  and  industry  policymakers.  Firstly,  the  standard  operational  protocols  for  new  offshore  wind 
developments must mandate the integration of comprehensive structural health monitoring systems from the 
design phase. Retrofitting sensors onto existing towers is logistically complex and financially burdensome; 
thus, building in sensory capability from inception is paramount. 

Secondly, operators must transition their organizational structures to support data-driven decision-making. 
The sheer volume of data generated by offshore sensor networks requires sophisticated analytical capabilities. 
Investing in artificial intelligence and machine learning platforms that can autonomously process structural 
data and update reliability indices in real-time is crucial. 

Finally, regulatory bodies and policymakers should consider incorporating lifecycle maintenance efficiency 
into the criteria for awarding offshore wind leases. By incentivizing developers who commit to advanced, low-
impact maintenance strategies, governments can ensure that the rapid expansion of offshore wind does not 
inadvertently lead to excessive maritime emissions and resource depletion. Financial subsidies or tax incentives 
could be aligned with proven reductions in lifecycle operational impacts, thereby accelerating the industry-
wide adoption of Reliability Based Maintenance.

8. Conclusion
This comprehensive academic investigation has systematically established the profound linkage between 

Reliability Based Maintenance strategies and multi-dimensional risk reduction in offshore wind towers. By 
utilizing the robust framework of Lifecycle Assessment, the research transcended traditional economic analyses 
to expose the hidden environmental and logistical burdens associated with sub-optimal maintenance regimes. 
The extensive probabilistic modeling and subsequent lifecycle inventory analysis unequivocally demonstrated 
that transitioning from scheduled or reactive maintenance to a predictive, reliability-focused paradigm yields 
catastrophic failure avoidance while simultaneously minimizing cumulative ecological impacts. The drastic 
reductions in marine vessel deployment, unnecessary material replacement, and turbine downtime collectively 
validate the strategic necessity of continuous condition monitoring. As the global energy landscape increasingly 
relies  on  massive  offshore  wind  infrastructure  to  meet  decarbonization  targets,  the  optimization  of  the 
operational and maintenance phases becomes just as critical as the initial technological deployment. Ultimately, 
this paper proves that Reliability Based Maintenance is not merely an instrument of financial prudence, but a  
fundamental  pillar  for  ensuring  the  long-term  structural  integrity,  safety,  and  genuine  environmental 
sustainability of next-generation offshore wind energy systems.
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