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ABSTRACT: The wind energy sector, both onshore and offshore, is expanding rapidly as part of the global 

transition to sustainable energy systems. However, this growth has introduced a range of complex 

occupational hazards that endanger worker safety. This paper provides a comprehensive analysis of 

occupational accidents within the wind energy industry by identifying key risk factors— including 

environmental, human, technological, and organizational dimensions—across the entire lifecycle of wind 

turbines. It highlights the increasing frequency and severity of incidents, with particular emphasis on offshore 

operations, fire-related hazards, and underreporting challenges.The study also investigates structural risks 

such as working at heights and extreme weather exposure, along with systemic issues like inadequate training 

and regulatory fragmentation. 
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1. INTRODUCTION    
   

Wind energy has emerged as a cornerstone of 

the global transition toward sustainable and 

low-carbon energy systems. As nations strive 
to meet ambitious climate goals and reduce 

dependence on fossil fuels, the wind energy 

sector - both onshore and offshore - has 

experienced exponential growth. This 
expansion has led to the deployment of 

increasingly complex technologies and the 

mobilization of a diverse workforce 
operating in challenging environments [1]. 

However, the rapid pace of development has 
not been matched by equivalent 

advancements in occupational health and 

safety (OHS) practices. The sector presents a 
unique combination of hazards, including 

working at great heights, exposure to 

extreme weather conditions, and the handling 
of high-voltage electrical systems. These 

factors contribute to a growing number of 

occupational accidents, some of which result 
in severe injuries or fatalities. For instance, 

fire-related incidents are the second most 

common type of accident in wind farms, 
often caused by electrical faults, mechanical 

failures, or lightning strikes [2]. 

Moreover, the lack of standardized reporting 

mechanisms and comprehensive safety data 

further complicates efforts to assess and 

mitigate these risks. Underreporting remains 
a significant issue, particularly in offshore 

operations where logistical challenges and 

jurisdictional complexities hinder 
transparency [1]. 

This paper aims to bridge the gap between 
technological innovation and worker safety 

https://wjarr.com/sites/default/files/WJARR-2024-0557.pdf
https://abeeolica.org.br/wp-content/uploads/2023/11/6.1AP-1690836541-Safety-and-risk-assessment-in-Wind-Energy-BWP-2023-format.pdf
https://wjarr.com/sites/default/files/WJARR-2024-0557.pdf
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by conducting a thorough analysis of 

occupational accident trends in the wind 

energy sector. It identifies key risk factors 
across the lifecycle of wind turbines—from 

manufacturing and installation to 

maintenance and decommissioning—and 
evaluates the human, environmental, and 

organizational dimensions of safety. Building 

on this analysis, the paper proposes a 
predictive safety framework that leverages 

data analytics, real-time monitoring, and 

advanced training tools to enhance 

operational safety and resilience. 

By integrating empirical insights with 

forward-looking strategies, this research 
contributes to the development of a safer, 

more sustainable wind energy industry. 

   

2. TRENDS IN OCCUPATIONAL 

ACCIDENTS  
   

The wind energy sector has witnessed a 

significant increase in occupational accidents 

over the past decade, a trend that mirrors the 

rapid expansion of both onshore and 

offshore wind installations. As the industry 

scales up, so too do the risks faced by 

workers, particularly in environments that 

are remote, elevated, and exposed to extreme 

weather conditions. 

 Rising Incidents Rates   

Recent data from the G+ Global Offshore 

Wind Health and Safety Organization reveals 

a 94% increase in reported incidents in 2023 

compared to the previous year, with 1,679 

incidents logged across offshore wind 

operations [3]. This surge is partly attributed 

to a record 61.9 million hours worked, but it 

also reflects a growing awareness and 

willingness to report incidents an 

encouraging sign of improving safety culture 

[3]. 

 Offshore vs. Onshore Risks 

Offshore wind farms present greater safety 

challenges than their onshore counterparts 

due to harsher environmental conditions, 

logistical complexities, and limited 

emergency response options. The Energy 

Institute notes that while the total number of 

incidents has increased, the proportion of 

high-potential incidents has decreased, 

suggesting that safety interventions may be 

mitigating the most severe outcomes [3]. 

 Fire Incidents A Persistent Threat 

 

Fires are the second most common cause of 

wind turbine accidents, accounting for 10–

30% of all catastrophic failures 
[4]

. These 

fires are typically caused by electrical faults, 

overheating components, or lightning strikes, 

and are particularly dangerous in offshore 

settings where firefighting access is limited 

[5]. Nacelle fires, in particular, often result in 

total turbine loss due to the difficulty of 

suppression [4]. 

 Underreporting and Data Gaps 

Despite improvements in reporting, 

underreporting remains a major issue, 

especially in regions without mandatory 

disclosure requirements. Studies estimate 

that up to 91% of wind turbine fire incidents 

go unreported, skewing risk assessments and 

hindering the development of effective 

safety strategies [4]. This lack of 

transparency is compounded by inconsistent 

data collection practices across jurisdictions 

and companies [6]. 

 Visualizing the Trends 

As shown in figure 1, the distribution of 

incidents chart illustrates key categories of 

occupational accidents in the wind energy 

sector using hypothetical but realistic data: 

 

 
 

Figure 1: Hypothetical distribution of occupational 

accidents in the wind energy sector (2023) 

 

https://www.energyinst.org/exploring-energy/resources/news-centre/media-releases/offshore-wind-safety-performance-mixed-amid-record-61.9-million-hours-worked
https://www.energyinst.org/exploring-energy/resources/news-centre/media-releases/offshore-wind-safety-performance-mixed-amid-record-61.9-million-hours-worked
https://www.energyinst.org/exploring-energy/resources/news-centre/media-releases/offshore-wind-safety-performance-mixed-amid-record-61.9-million-hours-worked
https://www.firetrace.com/fire-protection-blog/wind-turbine-fire-statistics
https://www.firesafetysearch.com/fire-safety-wind-turbines/
https://www.firetrace.com/fire-protection-blog/wind-turbine-fire-statistics
https://www.firetrace.com/fire-protection-blog/wind-turbine-fire-statistics
https://abeeolica.org.br/wp-content/uploads/2023/11/6.1AP-1690836541-Safety-and-risk-assessment-in-Wind-Energy-BWP-2023-format.pdf
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3. RISK FACTORS  
   

Occupational hazards in the wind energy sector are 

multifaceted, arising from the interplay of 

environmental conditions, human behavior, 

organizational practices, and technological 

complexity. Understanding these risk factors is 

essential for designing effective safety 

interventions and predictive models. 

 Environmental and Structural 

Risks 

Wind energy workers are routinely exposed to 

physically demanding and hazardous 

environments. Key environmental and structural 

risks include: 

 Working at Heights and in Confined Spaces: 

Maintenance and inspection tasks often require 

technicians to ascend towers exceeding 80 

meters. Falls from height remain one of the 

leading causes of fatalities in the sector [7]. 

Additionally, confined spaces within nacelles 

and hubs pose risks of entrapment, limited 

ventilation, and restricted movement, 

complicating emergency response[7]. 

 Extreme Weather Conditions: Offshore wind 

farms expose workers to high winds, icy 

surfaces, and rough seas. These conditions not 

only increase the likelihood of slips, trips, and 

falls but also hinder rescue operations and 

equipment reliability[8]. 

 Mechanical and Electrical Failures: Turbines 

contain high-speed rotating components, 

hydraulic systems, and high-voltage electrical 

circuits. Failures in these systems can lead to 

fires, arc flashes, or mechanical entanglement, 

posing serious injury risks [9]. 

Human and Organizational Factors 

Human error and organizational shortcomings are 

significant contributors to occupational accidents: 

 Inadequate Training and Safety Culture: A lack 

of standardized training and weak safety culture 

can lead to unsafe behavior and underreporting 

[10]. 

 Fatigue and Isolation: Long shifts and remote 

locations contribute to fatigue and mental 

strain, impairing decision-making [7]. 

 Lack of Standard Protocols: Lack of 

Standardized Protocols: Variability in safety 

regulations across jurisdictions complicates risk 

management and undermines safety systems 

[11]. 

  Technological and lifecycle risks 

Risks vary across the turbine lifecycle: 

 Manufacturing and Transport: Workers face 

risks from heavy lifting and logistics 

coordination [12]. 

 Installation and Commissioning: High-risk 

activities such as crane operations and electrical 

hookups can have long-term safety implications 

[12]. 

 Operation and Maintenance: Routine 

maintenance involves exposure to moving parts 

and high-voltage systems. Predictive 

maintenance is not yet universally adopted [13]. 

 Decommissioning: Aging infrastructure and 

hazardous materials pose risks during 

dismantling. Lifting and loading operations are 

particularly safety-critical [14]. 

   

4. PREDICTIVE FRAMEWORK FOR 

SAFER OPERATIONS 
   

To mitigate occupational hazards in the wind 

energy sector, we propose a Predictive Safety 

Framework (PSF) that integrates data analytics, 

real-time monitoring, and immersive training. This 

framework is designed to proactively identify, 

assess, and respond to risks before they escalate 

into incidents. 

Data-Driven risk assessment 

Modern wind farms generate vast amounts of and 

safety-related data. By leveraging artificial 

intelligence (AI) and machine learning (ML), we 

can extract patterns and predict potential hazards 

before they materialize. 

 Historical Accident Analysis: Machine learning 

models (e.g. logic regression, decision trees, or 

neutral networks) are trained on historical 

incident data to identify high-risk conditions. 

Three models can estimate the probability of 

future accidents based on variables such as 

wind speed, maintenance intervals and worker 

fatigue [15]. 

Example formula (logic regression): 

https://www.mdpi.com/2071-1050/16/7/3012
https://www.mdpi.com/2071-1050/16/7/3012
https://www.leadventgrp.com/blog/offshore-wind-turbine-operations-and-maintenance-a-state-of-the-art-review
https://thumbwind.com/2024/12/31/2024-wind-turbine-accidents/#google_vignette
https://www.tandfonline.com/doi/pdf/10.1080/00140139.2025.2463440
https://www.mdpi.com/2071-1050/16/7/3012
https://osha.europa.eu/sites/default/files/Efact79%20wind%20energy%20sector.pdf
https://www.researchgate.net/publication/352573239_Occupational_health_hazards_and_risks_in_the_wind_industry
https://www.researchgate.net/publication/352573239_Occupational_health_hazards_and_risks_in_the_wind_industry
https://www.mdpi.com/1996-1073/17/6/1332
https://www.mdpi.com/1996-1073/17/6/1332
https://dspace.mit.edu/handle/1721.1/129927
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P(Accident) = 
1

1+ 𝑒−(𝛽0+𝛽1𝑋1+⋯+𝛽𝑛𝑋𝑛)
     (1) 

Where Xi are risk factors like shift duration, 

weather conditions or equipment age 

 Predictive maintenance: Sensor data from 

turbines (e.g. vibration, temperature, oil quality) 

is analyzed using anomaly detection algorithms 

to forecast mechanical failures. This reduces 

unplanned downtime and prevents accidents 

caused by equipment malfunction
 
[16]. 

Real-Time Monitoring 

Real-time data acquisition is essential for dynamic 

risk management. PSF incorporates Internet of 

Things (IoT) technologies to monitor both human 

and environmental conditions. 

 Wearable devices: Long shifts and remote 

locations contribute to fatigue and mental 

strain, impairing decision-making [17]. 

 Drones and Robotics: Autonomous drones 

conduct aerial inspections of turbine blades, 

nacelles and towers, identifying structural 

anomalies or environmental hazards (e.g. ice 

buildup, lightning damage). Ground robots can 

inspect or high-risk areas, reducing human 

exposure [18]. 

 Training and simulation 

Human errors remain a leading cause of 

occupational accidents. The PSF emphasizes 

immersive and adaptive training to improve hazard 

recognition and emergency response. 

 Virtual Reality (VR) Training: VR models 

simulate real-world scenarios tailored to 

specific turbine models and site conditions. 

Workers can practice maintenance tasks, fall 

protection procedures and rescue operations in a 

risk-free environment [19]. 

 Scenario-Based drills: AI-generated simulations 

present dynamic emergency scenarios (e.g. fire, 

electrical failure, sudden weather change) to 

test decision-making under pressure. 

Performance metrics are recorded to identify 

training gaps and improve protocols
  
[20]. 

  

5. POLICY AND INDUSTRY 

RECOMMENDATIONS 
  

Figure 2 presents a structured policy roadmap 

designed to improve occupational safety in the 

wind energy sector. The roadmap outlines a series 

of interconnected steps, beginning with the 

enforcement of mandatory accident and near-miss 

reporting to enhance data quality. It then 

emphasizes the importance of adopting 

internationally standardized safety protocols to 

ensure consistency across regions. The next stages 

focus on integrating predictive analytics into safety 

management systems and investing in innovative 

technologies such as AI, drones, and IoT sensors. 

Workforce development through continuous 

training and certification is also highlighted, 

followed by cross-sector collaboration to share 

best practices. The roadmap concludes with the 

implementation of real-time monitoring systems 

and the promotion of a strong safety culture 

supported by adaptive regulatory frameworks. This 

figure serves as a visual guide for policymakers 

and industry leaders, illustrating how coordinated 

actions can collectively lead to safer and more 

resilient wind energy operations. 

 
Figure 2: Policy roadmap for safer operations in 

Wind Energy sector 

 

 Mandatory Accident reporting to 

improve data Quality 

Accurate and comprehensive data is the foundation 

of any predictive safety system. However, 

underreporting of incidents – especially near-

misses remains a challenge in the wind energy 

sector. 

 Recommendation: Governments and regulatory 

bodies should enforce mandatory reporting of 

all occupational accidents and near-misses, 

including minor incidents and unsafe conditions 

[21]. 

  Standardized Safety Protocols Across 

Jurisdictions 

https://www.mdpi.com/1996-1073/17/5/1010
https://academic.oup.com/joh/article/66/1/uiad017/7505756?login=false
https://www.researchgate.net/publication/387961948_Automation_and_worker_safety_Balancing_risks_and_benefits_in_oil_gas_and_renewable_energy_industries
https://www.researchgate.net/profile/Jui-Hung-Liu/publication/376075451_Design_and_Implementation_of_an_Augmented_Reality-based_Interactive_and_Real-time_Wind_Turbine_Maintenance_Auxiliary_Platform_System/links/65708e2aeacdf251af1585a4/Design-and-Implementation-of-an-Augmented-Reality-based-Interactive-and-Real-time-Wind-Turbine-Maintenance-Auxiliary-Platform-System.pdf
https://link.springer.com/article/10.1007/s10055-023-00843-7
https://www.osha.gov/green-jobs/wind-energy
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The global nature of the wind energy industry 

leads to fragmented safety practices due to varying 

national regulations. 

 Recommendation: Promote the adaptation of 

internationally harmonized safety standards, 

such as those developed by the International 

Electrotechnical Commission (IEC 61400 

series) and the Global Wind Organization 

(GWO). These standards ensure consistency in 

training, operations and emergency response 

[22, 23]. 

 Integration of Predictive Analytics into 

Safety Management Systems 

Predictive analytics can identify precursors to 

accidents, enabling proactive interventions. 

 Recommendation: Wind energy operators 

should integrate AI-driven predictive 

maintenance and safety analytics into their 

operations. 

 Incentivizing Safety Innovation and 

Technology Adoption 

Emerging technologies such as drones, IoT sensors 

and AR-based training can significantly enhance 

safety outcomes. 

 Recommendation: Wind energy operators 

should integrate AI-driven predictive 

maintenance and safety analytics into their 

operations. 

 Workforce Development and continuous 

Safety Training 

The dynamic nature of wind energy operations – 

especially offshore – requires a highly skilled and 

safety conscious workforce. However, skill gaps 

and inconsistent training standards persist across 

regions. 

 Recommendation: Establish continuous 

professional development programs focused on 

safety competencies, including scenario-based 

training and certification renewals. Encourage 

partnerships with vocational institutions and 

universities to embed safety modules in 

renewable energy curricula [24]. 

 Cross-sector collaboration for safety 

benchmarking 

Lessons from other high-risk industries such as oil 

& gas, aviation and construction can offer valuable 

insights into safety management. 

 Recommendation: Facilitate cross-sector 

knowledge exchange through joint safety 

forums, benchmarking initiative and 

collaboration research. Regulatory bodies 

should support inter-industry safety audits and 

compare risk assessments to identify 

transferable best practices [25]. 

 Real-time Monitoring and Remote 

Safety Alerts 

Remote monitoring technologies can enhance 

visibility into operational risks, especially in 

geographically dispersed wind farms. 

 Recommendation: Deploy IoT-enabled safety 

monitoring systems that provide real-time alerts 

on hazardous conditions. Regulatory 

frameworks should evolve to recognize and 

incorporate remote safety audits as part of 

compliance protocols [26]. 

 Safety Culture and Organizational 

Accountability 

A strong safety culture is critical to reducing 

accidents, yet it often depends on leadership 

commitment and organizational transparency. 

 Recommendation: Promote safety leadership 

training for management and establish clear 

accountability structures. Encourage 

anonymous reporting channels and safety 

performance metrics tied to executive 

evaluations. 

 Periodic Review and Adaptive Policy 

Frameworks 

As technologies and operational models evolve, 

static safety policies may become obsolete. 

 Recommendation: Implement adaptive policy 

framework that periodic review of safety 

regulations. Engage stakeholders – including 

workers, operators, and researchers – in policy 

revision processes to ensure relevance and 

responsiveness to emerging risks [27].  

 

6. CONCLUSION   
   

The wind energy sector stands at a critical juncture 

where rapid technological advancement must be 

matched by equally robust safety frameworks. This 

chapter has outlined a comprehensive set of policy 

and industry-level recommendations aimed at 

reducing occupational accidents and fostering a 

https://www.energy.gov/eere/wind/articles/international-agreements-wind-energy-standards
https://www.globalwindsafety.org/
https://www.ilo.org/training-materials
https://www.ilo.org/media/381706/download
https://webapps.ilo.org/static/english/osh/en/story_content/external_files/fs_st_1-ILO_4_en.pdf
https://cai.ieee.org/2025/ai-for-energy/
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culture of proactive risk management. From 

mandating transparent accident reporting and 

harmonizing safety standards, to leveraging 

predictive analytics and incentivizing innovation, 

each recommendation contributes to a holistic 

safety ecosystem. 

Moreover, the integration of real-time monitoring, 

continuous workforce development, and cross-

sector collaboration underscores the need for a 

dynamic and adaptive approach to safety. A strong 

safety culture—anchored in leadership 

accountability and supported by evolving 

regulatory frameworks—will be essential to 

sustaining progress. 

Ultimately, the path to safer operations in the wind 

energy sector requires coordinated action among 

governments, industry stakeholders, and research 

institutions. By embedding safety into every layer 

of wind energy development and operations, the 

sector can not only protect its workforce but also 

enhance its long-term sustainability and public 

trust. 

The Predictive Safety Framework (PSF) presented 

in this chapter represents a forward-looking 

approach to occupational risk management in the 

wind energy sector. By integrating data-driven risk 

assessment, real-time monitoring, and immersive 

training, the PSF shifts the paradigm from reactive 

to proactive safety management. 

Through the application of AI and machine 

learning, historical accident data can be 

transformed into actionable insights, enabling 

early identification of high-risk scenarios. Real-

time monitoring technologies—such as IoT 

sensors, drones, and wearables—further enhance 

situational awareness and reduce human exposure 

to hazardous environments. Meanwhile, immersive 

training tools like virtual reality and scenario-

based simulations strengthen workers’ 

preparedness and decision-making under pressure. 

Together, these components form a comprehensive 

and adaptive system capable of evolving with 

technological advancements and operational 

complexities. The PSF not only reduces the 

likelihood of accidents but also fosters a culture of 

continuous learning and resilience. As the wind 

energy sector continues to expand globally, 

adopting such predictive and integrated safety 

frameworks will be essential to safeguarding its 

workforce and ensuring sustainable growth. 
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