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Abstract 

As a core new energy technology, wind power plays a key role in the global energy transition. However, wind 

turbines, especially large-scale and complex new energy turbines with harsh operating environments and compact 

structures, are increasingly exposed to fire risk, which has become a serious threat limiting industrial safety and 

sustainable development. Wind turbine fires not only cause huge asset losses and affect the stable supply of 

electricity, but also may lead to serious environmental and ecological impacts and even personal injuries. 

Accurately identifying the root causes of wind turbine fires and formulating a scientific, effective fire fighting 

strategy based on them, adapted to the characteristics of new energy scenarios, is a major issue that needs to be 

broken through in the field of engineering and technology at present. This paper analyzes the complex mechanism 

of fire formation, evaluates the limitations and potential risks of the existing fire protection measures, and explores 

the innovative path of prevention and control, which is of urgent and far-reaching practical significance to ensure 

the healthy and steady development of the wind power industry. 
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1. Introduction 

Accompanied by the rapid expansion of new energy industry, wind energy development accelerated to the deep 

and distant sea, high altitude and other complex areas, wind turbine structure size and power level continues to 

improve, the severity of its operating conditions is unprecedented. Wind turbine fire due to its location of 

inaccessibility, the complexity of the internal structure, the burning environment of the closed and strong 

convection, presenting the uniqueness of the difference between conventional fires and high hazard. Once occurred, 

the fire is rapid and extremely difficult to fight, the loss is often huge and irreversible. In the new energy 

development center of gravity, wind turbine fire prevention and control face multiple superimposed challenges: 

electrical system high voltage, large capacity trend introduced higher arc risk; complex dynamic mechanical load 

exacerbated friction heat key components; extreme natural climate frequent impact structure weatherability and 

lightning reliability; operation and maintenance coverage breadth and depth of insufficient leading to early warning 

lag and emergency disposal passive. Comprehensive and systematic research on the nature of fire causes and 

optimization of fire protection strategies have become the core safety needs of the industry. This study aims to 

prospectively address this critical safety issue [1]. 

2. Theoretical Basis of New Energy Wind Turbine Fires  

2.1 Basic Structure and Working Principle of Wind Turbines  

Wind energy capture begins with the special curved shape of the blades. When the airflow passes over the surface 

of the blades, it creates a pressure difference that pushes the tens of meters long composite blades to rotate around 

the main axis. This rotational force is transmitted through the hub to the planetary gears inside the gearbox, where 

a multi-stage speed change transforms the low speed rotation of more than ten revolutions per minute into high 

speed mechanical energy to meet the needs of the generator. The continuously accelerating drive shaft drives the 

generator rotor to cut the magnetic inductance in the stator winding, and the mechanical energy is converted into 

electrical energy under the principle of electromagnetic induction. Throughout the whole energy conversion 

process, the tower as a support structure, its internal ladder and cable channel carries the function of power 

transmission and equipment maintenance, and the final alternating current is connected to the power grid after 

adjusting the voltage and frequency by the converter at the bottom of the tower. The yaw system adjusts the nacelle 

orientation in real time according to the wind vane signal, which ensures that the wind capture surface is always 
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perpendicular to the windward direction, while the pitch mechanism fine-tunes the blade angle to maintain the 

rated power output during strong wind periods [2]. 

2.2 Special Characteristics and Hazards of Wind Turbine Fires  

Wind turbine fires create complex three-dimensional fire patterns within the confined spaces of hundred-meter-

high towers, where spiraling cable trays and hydraulic lines act as natural conduits for rapid flame propagation. 

The intense thermal updraft triggers a chimney effect, propelling flames to the nacelle top within tens of seconds. 

Combustion of fiberglass-reinforced composites releases hydrogen cyanide and other toxic compounds, saturating 

the tower with dense smoke that completely blocks personnel access routes and contaminates surrounding soil and 

water bodies. Unlike ground-structure fires, wind farms typically operate in remote mountainous or offshore 

locations, often causing fire brigades to miss the critical initial response window. Burning blade fragments carried 

hundreds of meters by strong winds ignite grasslands and woodlands, transforming a single incident into a potential 

regional ecological disaster. More profound impacts involve grid instability from complete generator destruction, 

necessitating thermal power plants to compensate for the halted clean energy supply from entire wind clusters—

compromising carbon emission reduction progress. 

2.3 Core Challenges of Fire Prevention and Control in New Energy Scenarios 

Highly integrated electrical equipment and hydraulic systems inside the cabin occupy limited space, narrow 

passages compress the spread of extinguishing media, and dense smoke released from composite bulkheads 

obscures the optical path of detectors in case of fire. High-frequency operation of the converter generates 

continuous electromagnetic interference, weakening the alarm sensitivity of the traditional temperature-sensitive 

cable, cable trench hidden in the early shadow ignition is difficult to be captured by the existing monitoring 

network. Offshore wind farms are characterized by salt spray that accelerates the aging of sensors, surge and 

bumpy environments that lead to abnormal fluctuations in the pressure of the extinguishing agent tanks, and 

maintenance vessels that often take hours to reach the accidental wind turbine. The operation and maintenance 

team faces the psychological pressure and technical threshold of working at a height of 100 meters, the efficiency 

of operating fire-fighting equipment inside the tower shaken by strong winds plummets, and remote control 

commands are restricted by signal transmission delays, missing the golden intervention time. 

3. Main Causes of Fires in New Energy Wind Turbines  

3.1 Failure of Electrical System  

The complex and extensive electrical circuits of wind turbines function as their sensitive nervous system, where 

concealed defects quietly harbor significant fire risks. During operation, oxidized or corroded contact points in 

wiring connections, or inherent flaws in the joining process, can readily generate persistent localized high 

temperatures under repeated high-current stress; these subtle fault points, often hidden and difficult to detect during 

routine monitoring, act like accumulated ignition sources, potentially triggering intense discharges that form arc 

flashes at a critical moment. The quality of insulation materials encasing conductors during manufacturing and 

their long-term performance under harsh operating conditions are equally crucial, as continuous turbine vibration 

introduces dynamic stress causing the insulation to flex repeatedly, creating micro-cracks, while daily temperature 

fluctuations at height and uncontrolled moisture ingress gradually degrade insulation properties, diminishing their 

protective function; once insulation fails, current leakage causing short circuits or breakdown under overcurrent 

conditions releases transient bursts of immense energy, readily igniting surrounding cable sheathing or 

accumulated dust and oil residues inside cabinets. The safety margin of the entire electrical system and the 

reliability of its protective design largely determine whether preventable minor issues ultimately escalate 

uncontrollably into infernos consuming the entire turbine, making the timely detection and remediation of these 

subtle electrical abnormalities critically important in fire prevention [3]. 

3.2 Overheating of Mechanical Parts  

The high-load transmission components at the core of wind turbine operation endure substantial long-term impact 

forces, where the meshing accuracy of large gears on the main shaft and their inherent dynamic balance directly 

influence operational stability; when meshing deviations exist between gears or unexpected impact loads cause 

severe collision friction, the immense heat energy released at tooth contact surfaces accumulates far faster than the 

designed cooling capacity can dissipate. Critical bearings supporting continuous rotation of the entire drivetrain, 

if lacking a sufficient and consistently performing oil film layer to effectively isolate rolling elements from 

raceways, generate similarly intense and persistent high temperatures through direct metal-to-metal friction under 

high-speed rotation. What makes these localized hot spots, arising from abnormal mechanical conditions, 

particularly dangerous is their initial tendency to silently lurk deep within the robust gearbox housing; once this 
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steadily accumulating heat reaches the auto-ignition point of lubricating oil or nearby materials like plastic seals 

and cable sheathing, an intense spark capable of igniting surrounding combustibles is suddenly triggered, rapidly 

escalating into a raging inferno fueled by the abundant oxygen supply from high-altitude winds. Fires originating 

deep within the structure exhibit extreme concealment and abruptness. 

3.3 Ignition by Lightning and Natural Factors  

The formidable forces of nature pose a significant threat to wind turbines standing prominently in open terrain, 

with violent lightning activity holding immense energy whose direct strike upon the towering turbine blade tips or 

surrounding areas instantly releases powerful currents generating extreme heat as they penetrate the blade's internal 

structure and critical paths through the tower. The turbine's unique tubular tower structure forms a relatively 

confined space where any fire ignited within by lightning striking internal equipment materials or accumulated 

oils, dust, or debris within structural gaps can develop and spread rapidly within this complex, airflow-limited 

environment. Conventional lightning protection systems employed in some wind farms see their predetermined 

capacity for lightning energy guidance and dissipation significantly compromised when confronted with high soil 

resistivity caused by specific terrain or corrosion and aging of metallic components resulting from alternating 

dry/wet climates. Consequently, the integrity of current conduction paths on the tower's internal metal structures, 

the performance of the equipment foundation's grounding network, and its long-term stability against natural 

corrosion constitute critical safety nodes determining whether a lightning event ultimately escalates into a severe 

fire [4]. The inherently unavoidable destructive power of nature necessitates deeper consideration within turbine 

design regarding the concealed pathways through which these potentially lethal sparks are inadvertently ignited, 

demanding more robust and targeted arrangements in structural safety and active protection to mitigate these 

critical vulnerabilities. 

3.4 Deficiencies in O&M Management 

Operational oversights and inefficiencies in daily maintenance constitute a significant root cause for the delayed 

detection and ineffective containment of wind turbine fires. During routine inspections, the failure to meticulously 

identify and accurately document subtle temperature anomalies or initial electrical arcing within critical internal 

areas deprives the system of crucial intervention windows for potential faults. More critically, sensor networks 

deployed at many current sites suffer from coverage gaps and insufficient sensitivity, potentially responding 

sluggishly to slowly developing hot spots or locally generated fault gases, thereby failing to provide clear and 

definitive early warnings as reliable sentinels. Once an abnormal condition unfortunately escalates to trigger an 

alarm, the on-site emergency response chain frequently reveals issues of sluggish reaction and inefficient operation; 

the inherent delays in the information transmission and decision-making process—from the generation of 

automatic equipment alarms, through the monitoring center's verification of the alert's authenticity and severity 

level, to the accurate assessment of the on-site situation and the final issuance of appropriate instructions to first-

line personnel—provide ample time for a minor, initially controllable fault to escalate under the compounding 

effects of adverse weather and the confined high-altitude environment into a devastating firestorm. This 

progression mirrors the danger of an initial smoldering fire on a household circuit board going undetected by a 

temperature logger obscured by dust or poorly positioned; even after a smoke alarm sounds, the critical delay 

caused by the inability to locate an effective fire extinguisher or uncertainty about its proper operation can allow 

a small fire to grow into a major disaster [5]. 

4. Response to New Energy Wind Turbine Fire  

4.1 Design of Intelligent Fire Early Warning System Based on Multi-Sensor Fusion  

Intelligent early warning systems integrated into the turbine's daily protection network act as silent sentinels, 

relying on a wide range of detectors carefully placed in key areas such as the nacelle's core heat-generating 

components, the blade pitch system, and the electrical cabinets at the base of the tower, which continue to capture 

signals of the most pristine operating conditions. The capabilities of different types of sensors are focused, with 

temperature sensors concentrating on recording subtle gradients in heat, smoke sensors capturing specific 

combustion particles in the air, and gas detectors highly sensitive to specific flammable and volatile molecules, all 

of which flow in real time to the centralized processing unit located at the bottom of the wind turbine's tower. 

Intelligent algorithms in the centralized processing unit play a core analytical role, comparing time-series 

information from different detection sources, carefully screening the essential differences between normal 

equipment operation fluctuations and real pre-fire characteristics, and effectively avoiding false alarms triggered 

by accidental failure of a single sensor or short-term disturbances in the external environment. When the system 

has a definite conclusion of early warning judgment, it instantly triggers two independent reaction paths, one path 

sends alarm details containing specific wind turbine number and description of the fire site to the operator's 
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workstation in the central monitoring room of the wind farm, and the other path automatically activates the inert 

gas pre-sprinkler installed in front of the local high-risk area in the wind turbine to make it enter the state of being 

ready to be sprinkled, which provides advance early warning support for the subsequent manual confirmation and 

organization of the fire-fighting measures. This provides advance warning support for manual identification and 

organization of fire-fighting measures. 

4.2 Optimization of Extinguishing Agents and Devices Applicable to Wind Turbine Structures  

Faced with the special fire suppression challenges posed by high confined spaces and complex electrical equipment 

in wind turbines, the fire suppression program designed specifically for wind turbines focuses on the balance 

between fire suppression efficiency and structural adaptability. New green extinguishing materials form the core 

of the system, these materials have the dual effect of rapidly reducing the temperature of the burning area and 

blocking oxygen transportation, and their low-conductivity characteristics avoid the risk of secondary short-

circuiting of the equipment that may occur during the spraying and discharging process [6]. The layout of the 

device deeply fits the physical limitations of the turbine's internal space, the control unit is placed in the nacelle 

outside the easy-to-operate access panel behind the connecting pipe network is like the human body's veins and 

precise distribution, in the limited space will be accurately arranged in the gear box, generator, converter and other 

high temperature high-risk areas above the effective coverage of the location. Device start-up mechanism follows 

the logic of partitioning and grading, only triggering the closest to the source of the end of the fire nozzle to carry 

out localized precision strikes, to maximize the preservation of unaffected expensive equipment from the 

extinguishing agent flooding. Day-to-day operations and maintenance are dependent on the effective maintenance 

of the device, and wind farm staff regularly manually check the pressure gauge readings of the agent bottles and 

the external cleanliness of the nozzle piping to ensure that this physical defense system is always on standby to be 

ready for use at any time. 

4.3 Remote Control and Automated Fire Fighting Linkage Techniques 

When wind turbines are far away from the duty center or in harsh environments, efficient remote control becomes 

a key means of extinguishing fires. The control terminal is integrated into the main console of the central 

monitoring room of the wind farm. Instead of risking approaching a burning wind turbine dozens of meters high, 

the staff only needs to tap the logo icon of the target wind turbine on the screen, and can clearly see the real-time 

flame image, smoke concentration distribution and temperature trend of the core area transmitted back from the 

pre-installed camera inside the wind turbine [7]. This system operates autonomously based on pre-set safety logic 

commands. Once the intelligent early warning system confirms the existence of a fire threat, it will automatically 

issue two basic commands without hesitation, simultaneously cutting off the fan's main power input port to stop 

the electrical fire from spreading, and at the same time activating the fan's internal high-pressure carbon dioxide 

or inert gas-fixed fire extinguishing device to accurately spray fire extinguishing media into the area of the fire. 

The remote system and automated disposal process form the core of the coordinated response, even if the scene of 

high-temperature smoke caused by the temporary interruption of the remote operation signal, the preset program 

can still continue to guide the release of the extinguishing agent to complete the preset spray time requirements, 

the control unit embedded in the standby power supply module ensures that the whole set of fire-fighting 

interlocking system in the main circuit of the wind turbine is paralyzed at least half an hour after the continuous 

operation of the independent power supply to support the ability to do more than one half hour. This hybrid model 

combining human judgment and programmed response significantly improves the probability of wind turbine 

survival under extreme conditions under the premise of safeguarding the safety of wind farm personnel [8]. 

4.4 Whole Life Cycle Operation and Maintenance Management and Personnel Training System 

The operation and maintenance procedures that have been in place throughout the turbine's twenty years of 

operation have a profound impact on the actual effectiveness of fire safety, the core requirement of which is the 

integration of fire prevention and control awareness into every daily inspection and maintenance action. 

Technicians performing monthly inspections are bound to include a checklist of targeted fire prevention projects, 

open the gearbox observation window to smell carefully whether there is a burning odor of overheated insulation 

materials, use professional instruments to measure whether there is a potential abnormal temperature rise in the 

generator cable joints, and confirm whether the needle of the fire-fighting agent pressure gauge at the bottom of 

the nacelle is stably in the green safety zone [9]. The aging assessment mechanism plays a role for specific parts 

that are prone to fire, based on the wear cycle table provided by the equipment manufacturer and the actual working 

condition data at the site, scientifically pre-determine the hidden dangers such as aging of bearing insulation, 

cracking of hydraulic hoses and fatigue of high-load electrical contacts, etc., and take the initiative to replace these 

weak links before the accelerated period of decline in order to eliminate the causes of the fires. The annual disaster 
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prevention drill organized by the wind farm operator constitutes an important part of personnel ability training, 

simulating the nacelle fire and smoke filled environment of self-rescue path selection and respirator wearing 

operation practice, emphasizing the familiarization with the location of fire extinguishers and emergency power-

off switch operation sequence in the real tower space, so that each boarding operation personnel on the unexpected 

fire situation cost-effective and correct response to the memory. Fire prevention genes are implanted into the blood 

and muscle memory of daily operation and maintenance personnel, which is the underlying logic to guarantee the 

long-term safe operation of wind turbines [10]. 

5. Conclusion 

Wind turbine fires represent a critical challenge demanding serious attention throughout the development of the 

new energy wind power sector, stemming from complex multidimensional causes that integrate multiple factors 

including intrinsic electrical system flaws, uncontrolled mechanical operating states, extreme external 

environmental impacts, and weaknesses in operations and maintenance management. Significant gaps persist 

within existing fire protection systems regarding specificity, timeliness, adaptability, and level of intelligence. 

Achieving inherent safety in turbines necessitates concerted efforts across both technological and managerial 

dimensions. Simultaneously, urgent advancement is required for early precise warning technologies based on 

multi-source sensor fusion, the development of specialized high-efficiency extinguishing agents and deployment 

schemes suitable for confined spaces and unique configurations, and the deep integration of remote monitoring 

with automated firefighting response capabilities. Concurrently, establishing a lean, lifecycle management system 

covering design planning, equipment selection, intelligent maintenance, emergency drills, and enhancement of 

personnel expertise is essential, ensuring fire prevention and suppression principles permeate every operational 

phase of the equipment. 
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