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Abstract

:

The scope of this article is to review the potential causes that can lead to wind turbine blade failures, assess their significance to a turbine’s performance and secure operation and summarize the techniques proposed to prevent these failures and eliminate their consequences. Damage to wind turbine blades can be induced by lightning, fatigue loads, accumulation of icing on the blade surfaces and the exposure of blades to airborne particulates, causing so-called leading edge erosion. The above effects can lead to damage ranging from minor outer surface erosion to total destruction of the blade. All potential causes of damage to wind turbine blades strongly depend on the surrounding environment and climate conditions. Consequently, the selection of an installation site with favourable conditions is the most effective measure to minimize the possibility of blade damage. Otherwise, several techniques and methods have already been applied or are being developed to prevent blade damage, aiming to reduce damage risk if not able to eliminate it. The combined application of damage prevention strategies with a SCADA system is the optimal approach to adequate treatment.
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1. Introduction


In terms of developed technologies and installed operating facilities for electricity production, wind energy represents one of the leading renewable energy sources (RES)—apart from hydroelectricity, which is an old and widely expanded, mature technology. A total of 744 GW in wind park generating capacity had been installed worldwide as of the end of 2020, of which 93 GW were added during 2020 alone [1]. The evolution since 2015 in worldwide installed wind park generating capacity is depicted in Figure 1.



According to the data depicted in this figure, 308.7 GW of new wind park generating capacity has been installed worldwide since 2015, corresponding to a 70% increase in total capacity. The annual share of global electricity production attributable to wind energy was estimated at 6% in 2020 [2], or roughly 1600 TWh [3], and is expected to rise to 30% by 2050 [2]. These numbers exemplify the significance of the contribution of wind energy to the energy transition.



The secure and cost-effective operation of wind parks requires their regular inspection and scheduled maintenance. These procedures become more essential in areas of extreme weather conditions (strong winds, thunderstorms, high turbulence). Investors are often forced to select such areas for the development of a wind park project, because of the broad expansion in wind park installations and the licensing restrictions frequently imposed in specific geographical regions due to environmental, social or historical reasons [4,5]. Hence, a large number of already operating wind parks frequently face intense strains due to strong winds, lightning, hail or rain and atmospheric turbulence.



The wind turbine blades (WTBs) are the most intensively stressed components of the whole structure [6,7,8]. They are the wind turbines’ components most likely to be damaged by the interaction with the ambient environment. As will be further explained in the following sections, they can be exposed to strong storm winds, rain drops or hail falling with velocities higher than 100 m/s, lightning, repeated wind loads, and shear effects, which can introduce intensive hammer or fatigue loads, potentially causing a number of different types of structural damage. These types of damage negatively affect the performance of wind turbines, with direct economic impacts stemming from both the shutdown of the damaged wind turbines for repair (or at least the low-efficiency operation in case of minor damage) and, of course, the cost of repair itself. Given the fact that the wind turbine blades constitute large, undivided structures (a typical midrange 2 MW blade is approximately 50 m long and weighs about 7000 kg), their repair costs are far from negligible. Furthermore, as the necessity for increased installations of wind power leads to the development of larger wind turbines, the cost of repairing of a damaged blade will increase respectively as well, considerably affecting the economic efficiency of the overall investment.



In general, although structural failures of wind turbine blades are rather rare, they do occur. The Caithness Wind Farm Information Forum (CWIF), an organization dedicated to halting the spread of wind turbines in the Caithness area of Scotland, tracks all publicly known wind turbine accidents worldwide. In 2014, CWIF recorded 33 incidents of blade failure, defined as failure that “results in either whole blades or pieces of blades being thrown from the turbine” [9].



The scope of this article is to present a review of the potential causes that can lead to wind turbine blade failures, indicate their significance on turbine performance and secure operation and summarize the techniques proposed in relevant applied research or already applied in practise, to prevent these failures and eliminate their consequences, once occurred. The article is divided in two fundamental sections. In Section 2, the potential causes of wind turbine blade failures, along with the severity of the induced damages and the potential impact on the wind turbine performance are presented. Secondly, in Section 3, the methods and techniques already applied or still under research for preventing or remedying the most common types of damage to wind turbine blades are thoroughly described. The data and results presented in this article are based on either extended literature research or experience gained from the inspection of the operation of wind parks under severe weather conditions.



From the literature research performed during the development of this article, it was noticed that, although extensive work has been implemented on specific types of wind turbine blade damage and remedies, presented in corresponding separate and focused articles, there was no article that gathered this information and presented it in a comprehensive mode. There were only a few articles found on the literature review for new methods and tests for the prediction and assessment of wind turbine blade damage.



For example, a hierarchical identification framework for wind turbine blades, which consists of a Haar-AdaBoost step for region proposal and a convolutional neural network (CNN) classifier for damage detection and fault diagnosis, is presented in [10]. It is shown through case studies implemented on real data sets from an eastern China wind farm that the proposed methodology can effectively detect blade damages in a timely manner. Artificial intelligence and neural networks for the detection of WTB damage also have been proposed in other works [11,12].



A comprehensive WTB mechanical damages presentation is presented in [13]. This article also focuses on state-of-the-art damage detection techniques for WTBs, including most of the updated methods based on strain measurement, acoustic emission, ultrasound, vibration, thermography and machine vision. Similarly, a review of non-destructive methods for WTB testing is provided in [14]. This work gives a comprehensive presentation of visual testing, ultrasonic testing, thermography, radiographic testing, electromagnetic testing, acoustic emission and shearography (speckle pattern shearing interferometry). A new arithmetical approach based on Gaussian processes (GPs) and categorised in s h m (SHM) technologies is presented in [15]. The GPs are used to predict the edge frequencies of one blade given that of another. The proposed methodology is able to identify when the blades start behaving differently from one another versus time, imposing a relevant malfunction originating from structural failure.



A discrete Markov chain model as a simplified probabilistic model for damages in wind turbine blades is introduced in [16]. The approach is based on a six-level damage categorization scheme applied by the wind industry, with the aim of providing decision makers with cost-optimal inspection intervals and maintenance strategies for the most common challenges that wind turbine blades face. Finally, a state-of-the-art overview on the existing fault diagnosis prognosis and resilient control methods and techniques for wind turbine systems, with particular attention to results reported during the last decade, is presented in [17], yet not limited only to WTB issues.



The above analysis revealed the lack of a single review article that summarizes the most common types of WTB blade damage and the prevailing preventive or remedial measures so far proposed. The present work aims to cover exactly this gap and serve as a reference article on this topic.




2. The Potential Causes of Wind Turbine Blade Failures


The wind turbine is a complex structure. Although there is no single approach and there is variability in the commercial designs, a typical WTB is a thin-walled multi-cellular hollow airfoil shaped cross-section. For its manufacture, a number of materials and material systems are used for structural purposes (fibre composites and sandwich composite systems) as well as aesthetic purposes (primers, UV gel coats, paint, etc). Typical construction layouts of wind turbine blades are presented in Figure 2 [18] and Figure 3 [19].



The potential causes of wind turbine blade failures can be classified into the following four categories:




	
damage from lightning;



	
failures due to fatigue;



	
leading edge erosion;



	
damage from icing.








The types of damage caused to wind turbine blades—originating from the above four different sources—along with their significance to the turbine’s performance and secure operation, are detailed in the following sub-sections.



2.1. Damage from Lightning


The annual average frequency of lightning outages in Europe was between 3.9% and 8.0% from 1991 to 1998 [9]. In Japan, this figure was around 10–20% from 2002 to 2006 [20]. The recorded frequency of lightning outages implies a considerable probability of lightning strikes in wind turbines. According to [21], approximately 6% of wind turbines in Denmark and Germany could expect to be damaged annually by lightning strikes from 1992 to 1997. In a region in south central Texas in U.S.A., with an approximate frequency of 5–6 lightning strikes per km2 per year over a 3-year period, about 5% of the wind turbines with 1.5 MW rated power at a specific wind park experienced lightning damage to their blades [22]. Conclusively, according to field observations, wind turbines experience a significant number of lightning strikes during their lifetime [23,24].



The most frequent damage from lightning occurs on the WTBs [25,26,27,28,29,30]. More than 88% of lightning attachments occur within the outermost 1 m of the blade tip, where the thickness of the surface skin is around 2–10 mm. Yet, increasing risk of inboard puncture is also noted [31] with regard to the rest of the blade. Experimental results have shown that WTB rotation enhances the triggering of lightning [32].



Current lightning air-termination systems for rotor blades are designed to withstand about 98% of lightning strikes. Consequently, there is still a risk of local damage, particularly at the attachment point [33,34,35,36]. Such occurrences are caused in cases where the lightning conductor does not conduct as designed, causing lightning to create a shock wave in the blade’s inner space, due to air or internally concentrated moisture expansion, or both. The imposed over-pressures can stress the blade to subsequent failure [22].



Damage from lightning to wind turbine blades strongly depends on the structural materials. According to relevant experiments, polyvinyl chloride (PVC) and polyethylene terephthalate (PET) suffered pyrolysis and cracks inside when tested under severe temperature and increasing pressure strikes, while in cases of balsa wood blades, fibre breakage and large areas of delamination between the wooden material and the resin layer have been observed [37].



The most common types of damage in wind turbine blades caused by lightning strikes are as follows [38,39]:



Delamination: Delamination is normally caused by the localised build-up of pressure and abrupt expansion of the lightning arc column, combined with the structural degradation of the resin (due to incineration or overheating) between the laminate plies due to the temperature of the lightning channel. This causes the plies of the laminate to detach from each other (Figure 4). Usually, lightning-induced delamination is accompanied by punctures and burns on the laminate near the point of impact. Although delamination mainly occurs close to the blade tip, it can be found at any position between the blade tip and the hub.



The main problem with delamination is that it creates favourable conditions for the onset and development of cracks. This is especially troublesome in wind turbine blades, because of the fatigue loading that the structure is subjected to.



Debonding: Debonding consists of a localized separation of the upper and lower shells of the blade. It is usually present at the tip or at the trailing edge in the outer few meters of the blade (Figure 5). Usually debonding is caused because the heat generated from the lightning expands the air inside the blade, thus creating internal pressure. The vaporisation of condensed moisture trapped inside the blade can intensify this phenomenon. Debonding is mainly located very close to the tip of the blade, in distances lower than 1 m. However, there can be cases of shell debonding traced in distances up to 6 m from the tip. This is attributed to the fact that the blade is more robust near the hub, and therefore the expansion of air is not usually sufficient to cause the separation of the shells. Additionally, the blade tips are more likely to attract lightning.



It is noteworthy, that the concept of debonding usually refers to large scales (blade shells) compared to delamination (plies), while in materials science the reverse is true. In materials science, debonding usually refers to the events of failure of physical, chemical or mechanical forces that hold the interface between the fibre and the matrix together. Thus, in that context it refers to an interface between components of a ply (laminate). The delamination refers to the next level of the structure, which is the breakage of the interface between the laminates.



Shell detachment: The shell detachment consists of several meters of one or both shells completely detached from the load carrying structure (Figure 6). Usually, shell detachment starts with shell debonding. The mechanical forces generated by blades’ rotation, alongside any flutter induced by the flow characteristics (which change due to the geometry change) and the strong wind gusts during adverse weather conditions, eventually lead to shell detachment. Shell detachment is a rather rare damage caused by lightning strikes on wind turbine blades. In cases of shell detachment, the lightning strike point is usually located within the last 3 m of the blade tip, even if the damage affects several meters of the shell.



Tip detachment: Tip detachment refers to the complete detachment of several meters of the tip from the rest of the blade (Figure 7). It occurs when the lightning strike severely damages the structural laminate, such that the laminate cannot support the mechanical load and breaks. Consequently, tip detachment can be considered as the most critical case of WTB damage caused by lightning strikes. Tip detachment occurs rarely, most commonly in blades with a carbon fibre structure. For a 20 m blade length, tip detachment is located between 2 m and 7 m from the blade tip (namely, between 10% to 35% of the total blade’s length), where a direct lightning strike can be critical for the integrity of the relatively thin laminate of the load carrying structure [38]. This type of damage occurs when the lightning current severely damages the structural laminate, to the extent that the laminate cannot support the mechanical load and breaks [39].



An integrated and comprehensive analysis of WTB damage caused by lightning is presented in [38]. The analysis is based on 304 lightning incidents during a period of 5 years, occurring in the states of Texas, Kansas and Illinois, where the lightning flash density is within 2 and 8 flashes/km2 per year. The number of the involved wind turbines was 508, with a total rated power of 997 MW. The wind turbine blades were constructed of either fiberglass only (64.8% of the blades), or mixed fiberglass and carbon fibre (35.2% of the blades). All of the investigated wind turbine blades were designed and manufactured prior to the publication of IEC 61400-24 [40].



Given the total number of involved wind turbines and recorded lightning incidents, it is estimated that, on average, each wind turbine experienced blade damage due to lightning every 8.4 years [39]. In other words, it is estimated that during a period of 20 years, a wind turbine should expect on average 2–3 lightning strikes capable of inflicting damage.



The basic conclusions of this study can be summarized as follows:




	
More than 60% of the total damage occurred within the last meter of the blade, and 90% of all damage was located within the last 4 m. The remaining 10% of damage was found mainly from 5 m to 10 m from the blade tip. There were only three lightning incidents further inboard, at 15 m, 20 m and 22 m from the tip.



	
The most common type of lightning damage was delamination (72.4% of total blade damage), followed by debonding of the shells (24.7%). Shell and tip detachment each occurred in 1.4% of the investigated cases.



	
Wind turbines suffering damage to more than one blade are uncommon (2.7% in two blades and 0.7% in three blades). A single lightning stroke sweeping from one blade to another due to the blade rotation, different branches of a single lightning strike attaching to the blades, or different lightning events during a thunderstorm can be the potential causes of damage observed in more than one blade of the same wind turbine [39]. In any case, it is shown that damage to more than one blades of a single wind turbine is a rare event.








Lightning damage to wind turbine blades can impose serious costs, which are associated not only with the repair itself, but with the income lost due to the inevitable interruption of the turbine’s operation. The repair process for minor lightning damage, such as delamination, can take as little as 2–3 h, while more severe damage, such as detachment, may require a period of 3–5 days [39]. The cost of repairing blade damage caused by lightning can be as high as USD 30,000 [41].




2.2. Fatigue Damage on Wind Turbine Blades


The term “fatigue” is used to describe the inability of a material to persistently withstand cyclic applied loads, which are fully tolerable when applied only once or for a few repetitions. During its operational lifetime, a wind turbine faces repetitious loads that contribute to the fatigue of the overall structure. Wind is the main source of these loads, which can be steady loads, transient loads from events such as gusts, periodic loads from wind shear and stochastic loads from turbulence. Additional loads can be developed by the turbine’s cyclic starts and stops, yaw error, yaw motion, resonance-induced loads from vibration of the structure and loads from gravity as well.



The main parameters affecting the potential occurrence and magnitude of fatigue loads and the resulting fatigue-induced damage in wind turbines are the surrounding environment and the land morphology of the installation area—more specifically, how the flow characteristics are affected by the land morphology and other obstructions.



Regarding the surrounding environment of a wind park, surface wear can be caused on the blades’ outer coating by corrosive pits from sand or rain impingement or even seawater, in the case of offshore or near-shore wind park installations. These initially small wear points would act as stress concentrators during cyclic loading, causing the initiation of localized cracking.



Moisture also can constitute another critical environmental parameter of fatigue damage caused mainly to the wind turbine blades. Despite the fact that glass fibre reinforced polyester (GFRP) blades are adequately water insulated, moisture can still penetrate into the blades’ inner material. Obviously the most fatigue-critical part of a wind turbine’s blade is the blade’s connection to the hub, because it has to bear all of the blade’s mechanical loads transferred and gathered at this particular point. For the connection of the blade with the turbine’s hub, a bolted joint is commonly used. The major effects of absorbed moisture on the laminates are as follows [42]:




	
Reduction of the glass transition temperature of the matrix resin



	
Damage to the interface between the fibres and the resin



	
Reduction of the cure-induced residual stresses through swelling, which may retard failure



	
Particularly in wind park installations in locations with subzero temperatures, the presence of moisture turning to ice. Ice formation can act as a wedge between the plies and leads to delamination propagation.








A composite material subjected to water and fatigue loads will exhibit increasing matrix cracking that, in turn, will accelerate water penetration. The effects of moisture absorption on the mechanical properties of GFRP blades are not accurately known [43]. The effects of moisture on the mechanical properties of fibre-reinforced plastics (FRP) are summarized in Table 1 [43].



However, the most important cause of fatigue damage is the load development from intensively fluctuating forces. Wind constitutes the main source of such forces, especially in cases of wind park installations in intensively turbulent wind conditions [44]. The land morphology of the installation area of a wind turbine may lead to the appearance of extensive wind turbulence conditions and the phenomenon of wind shear (Figure 8).



This intensively varying wind environment constitutes the fundamental source of iteratively fluctuating wind loads on the turbine’s structure, exposing it to operation under adverse fatigue conditions. Such unfavourable land morphologies can be abrupt changes of a mountain’s slope, steep cliffs downwards or upwards to the wind flow direction and, in general, any land geometries that result in separation of the atmospheric boundary layer.



Apart from the available land morphology, the wind flow on a wind turbine can be significantly affected by any physical or technical obstructions, such as, most commonly, the other wind turbines in the same wind park. Behind the wind turbine’s rotor, the wind flow exhibits roughly 40% reduced kinetic energy and increasing turbulence relative to the initial, unaffected flow. This area is the wind turbine’s wake. The term “aerodynamic shading” refers to the unpleasant situation of one wind turbine being inside the wake of another. This can occur in the case of short distances between the wind turbines and, of course, depending on the wind flow direction and the wind turbines’ relevant positions. The aerodynamic shading also constitutes another source of fatigue due to unsteady mechanical loads imposed by turbulent wind flow and shear effect. To avoid this probability, wind turbines should be sited properly, with adequate distances between them, accounting also for the prevailing wind direction, so as to ensure maximum efficiency and minimum impact on the normal atmospheric boundary layer.



Wind turbine blades, subject to repeated bending, are the most vulnerable components of the overall structure with regard to fatigue damage due to fluctuating forces. The fatigue damage initially appears as tiny cracks, usually located in the joining zone of the blade with the hub.



It is then concluded that the blade joints with the turbine’s hub constitute the most likely places for the appearance of fatigue damage, regardless of the source of the fatigue conditions. All of the factors with an unfavourable influence on a material’s fatigue strength are present in this area: stress concentration, bolt holes, built-in stresses, offsets, changes of section and application of different materials. Fatigue damage in the joining zone of the blade with the root appears initially as tiny cracks, which tend to become more severe over time.



The response of composite materials to fluctuating loads has been studied and defined for some specific material combinations, such as carbon fibres in an epoxy matrix for aerospace applications. According to [45], in anisotropic materials, fatigue damage accumulates in three stages versus time. During the initial load period (stage 1), a small drop in the material’s stiffness manifests, associated with the formation of minor damage. This first stage is followed by a much longer time period (stage 2), during which the damage seems to increase linearly with time and the stiffness falls gradually. If the stress is sufficiently high, a third stage (3) is observed, characterized by further and more severe damage, which ultimately lead to failure. This process is depicted in Figure 9 [46].



An image of typical fatigue damage in stage 1, in the form of cracks on the external surface, located in the transition zone between the root of the blade and the zone of airfoil profile, is presented in Figure 10 [45].



The shear effect also can be critical for the trailing edge adhesive joint, because it is more susceptible to damage due to the complex geometry, manufacturing technique and operating conditions [47].



The cost of manufacturing the three blades corresponds to 15–20% of the total manufacturing cost of a wind turbine [41]. The complete replacement of a destroyed blade with a new one can cost up to USD 200,000 [48]. The use of a crane imposes an additional cost of USD 350,000 per week [48]. These facts reveal the considerable economic load imposed by the costs associated with the repair of a blade after major damage caused by fatigue. The repair process for a severely damaged turbine blade can take several days, depending on the type and severity of damage, causing an additional cost burden due to income loss. Each day that a wind turbine remains inoperative imposes income losses ranging from USD 800 to 1600, depending on the available wind potential [48]. These unpleasant economic consequences can be prevented with the application of non-destructive and cost-effective techniques for the in-time detection of potential failures of the blades’ structural integrity due to fatigue loads, which will be presented in detail in Section 3.2.




2.3. Leading Edge Erosion


In general, leading edge erosion of a wind turbine’s blade is the result of its exposure to:




	
airborne particulates, mainly in the form of rain, hailstone, sea-spray, dust and sand



	
UV light and humidity/moisture.








The first impact of this exposure is a gradual increase in the blade’s surface roughness, which negatively affects the blade’s aerodynamic performance by increasing its friction drag [49], and aerodynamic loss on the scale of 0.45–0.50% [50]. Depending on the level of leading edge erosion, drag can increase from 6 to 500% [51,52], leading in turn to an approx. 5% reduction in annual electricity production. The reduced lift and increased drag become more intensive with higher levels of erosion [53]. In extreme cases of leading edge erosion, the structural integrity of the blade can be affected (Figure 11).



Leading edge erosion can become an issue after only 2 years of turbine operation [50], much sooner than expected, with the tip being most susceptible to wear, but with erosion also exhibited on the more inboard portions of the blade [55]. As with all forms of environmental exposure, leading edge erosion is heavily site-dependent. In warm and arid climates, sand and dust may be a common type of airborne particulate and therefore may pose leading edge erosion problems, whereas in wetter, greener habitats, the problem may be non-existent. Likewise, at near-shore locations, the issue of sand erosion may be a considerable threat [56,57,58,59]. Leading edge erosion can be a result of rain, with the raindrops’ kinetic energy, diameter, temperature and sea salt content being critical parameters [56]. It has been also observed that careful handling of the blade during manufacturing, transport and installation is essential to avoid small tears or scratches that may act as initiation sites for further wear and erosion [60].



In order to present an estimation of the forces acting on a blade’s coating from airborne particles, let us assume a raindrop travelling with the wind. In general, the diameter of raindrops depends on the climatic conditions under which they are formed and the conditions of their transportation in the air. Typical raindrop diameters are commonly cited from 0.5 mm to 5 mm [50,61], while for mild to moderate rain rates, raindrop diameters range from 0.5 mm to 3 mm. Assuming water density at approximately 1000 kg/m3, the mass of a raindrop of spherical shape with a diameter of 3 mm is calculated at m = 0.014 gr.



The terminal velocity of a falling raindrop is also heavily dependent on the climatic conditions. The maximum free falling terminal velocity levels out at around 9 m/s for diameters in excess of about 3.5 mm [50,61]. Assuming a rain droplet with a terminal velocity of 8 m/s, fully entrained in a horizontal 20 m/s wind (i.e., assuming that the droplet is also travelling at this speed horizontally), strikes a rotating blade with a 90 m/s tangential tip speed, it is calculated that the impact velocity between the rain and blade does not drop below 80 m/s [45].



It is possible to calculate the force (average and peak) of impact using the following calculation. Assume the x-axis is the horizontal axis (along the wind), the y-axis is the vertical and z is perpendicular to the x-y plane. In that frame of reference, the velocity of a raindrop the moment before impacting the blade is vx = 20 m/s, vy = 8 m/s. Additionally, the wind turbine blade is rotating with a tip velocity of 90 m/s, which is parallel to the z-axis when the blade tip passes through the top and bottom of the rotation. The force on each axis is calculated with the change of momentum at each axis. The duration of the impact is proportional to the speed in that axis (note that on the x and y axes, the assumption is that the water drop stops moving, while on the z-axis it initially has zero velocity which after the impact is common to the blade tip). The resulting forces   (  F x  ,    F y  ,    F z  )   for each axis are added as vectors (Euclidean norm) and the resulting average force is calculated. Additionally, a triangular temporal distribution is assumed, which means that the peak impact force is twice the average force.



Given the assumptions of raindrop mass of m = 0.014 gr, diameter of d = 3 mm, wind speed 20 m/s, terminal velocity of 8 m/s and blade tip 90 m/s, the impact force F between the raindrop and the blade is calculated by using the Equation (1):


   F =     F x 2  +  F y 2  +  F z 2    ⇒  F = 76 Nt   



(1)




which means that every travelling droplet hitting the tip of the blade exerts on the blade’s coating approximately a force equivalent to the weight of a 7.6 kg mass.



The force exerted will obviously vary as the wind blade rotates. Nevertheless, the above estimation serves as a good tool to estimate the magnitude of impact forces on WTBs.



In the case of hailstones, the effects on a blade’s coating can be even worse, mainly due to the expected larger diameters. The average size of hailstones is dependent on site location [62]. Measurements on-site are considered the only certain method to obtain secure estimations regarding the likely average size of hail at a specific location. In northern Greece, for example, more than 85% of the hailstones recorded between 1984 and 1993 had sizes larger than 11 mm [63], while in the United Kingdom hailstone sizes in the range of 60 mm–90 mm have been recorded [64], although these are considered freak events.



As the diameter of hailstones increases, their mass mh and kinetic energy Ekin also increase (see Equation (2)). Additionally, with increasing diameter and mass, the terminal velocity of a hailstone Vh also increases according to Equation (3), where g is the gravitational acceleration, CD is the drag coefficient (0.5 for a sphere), ρair is the air density, Ah is the cross-sectional area of the hailstone in the direction of travel and rh is the hailstone radius [65].


   E kin  =  1 2  × m ×  V 2   



(2)






   V =      2 ×  m h  × g    C D  ×  ρ air  ×  A h      =    8 3     g  C D       ρ h   ρ air     r h    



(3)







Using Equation (3), assuming a density of 900 kg/m3 for the hailstone (this value varies widely) and of 1225 kg/m3 for the air, and a perfectly spherical hailstone shape and thus a drag coefficient of 0.5, the theoretical velocity for a range of hailstone diameters from 5 mm to 90 mm is calculated to be between 10 m/s and 40 m/s, respectively. Given the above hailstone velocities, it is conclusively proved that the maximum calculated impact velocity of a 15 mm and 30 mm diameter hailstone, impacting a blade tip with a tip speed of 90 m/s, in a 20 m/s wind field varies from 70 m/s to 120 m/s [50,61]. Given the above assumptions for the hailstones, the exerted forces can be calculated using the methodology for Equation (1). For hailstones of 15 mm and 30 mm diameter, the exerted forces at the tip of the blade are calculated to be from 1.7 kNt to 6.9 kNt, respectively.



Surface erosion of a wind turbine’s blade is not the only possible wear from hailstones. Hailstone impact can result in stress propagation throughout the blade coating [66], which, in turn, can result in delamination between plies, in the case of simultaneous blade bending due to shear forces. The constituents of the composite material may also fail, resulting in cracking through the matrix material or crushing of the reinforcing fibre. Both can have a significant effect on static and fatigue properties of the blade.



Seawater spray constitutes a special case of airborne particles, in the case of offshore or near- shore wind turbines, regarding the erosion of the blades’ leading edge. Apart from the fact that the seawater spray may affect the blades’ coating in the same way as raindrops with respect to the forces and pressures exerted, an additional impact comes from the transportation of sea salt crystals in the sea spray. The accumulation of sea salt crystals on the blade leading edge may lead to degradation of the blades’ aerodynamic performance and, possibly, to corrosive damage as well [67,68].



Leading edge erosion is directly related to income loss, due to degradation of the blades’ aerodynamic performance. As the damage concerns only a blade’s outer coating, the repair cost is not significant, on the condition, of course, that the damage is detected early and the required repair process is executed in time.




2.4. Damages from Icing


Atmospheric icing is defined as the accretion of ice or snow on structures exposed to the atmosphere. Two different types of atmospheric icing can be distinguished: in-cloud icing (rime ice or glaze) and precipitation icing (freezing rain or drizzle, wet snow). These are described as follows [69]:



2.4.1. Rime Ice


Rime ice is formed when the wind transfers supercooled liquid water droplets from clouds or fog. These droplets might freeze instantaneously as they hit a surface. In the case of small droplets, soft rime is formed, while hard rime is formed by large droplets.



Soft rime is a fragile, snow-like formation. Mainly, it consists of thin ice needles or flakes of ice. Soft rime starts forming in a very localised manner and grows triangularly into the windward direction. Soft rime usually ranges in density from 200 kg/m3 to 600 kg/m3 [70] and is easily removable. On the other hand, hard rime is an opaque and usually white ice formation. It adheres firmly onto surfaces and is very difficult to remove. Hard rime ice density ranges typically between 600 kg/m3 and 900 kg/m3 (ISO 12494) [70].



The formation of rime ice is asymmetrical, usually taking the shape of needles following the windward side of a structure. Rime ice is typically formed at temperatures from −20 °C to 0 °C. The most severe rime icing occurs at exposed ridges where moist air is lifted and wind speed increases.




2.4.2. Glaze


Glaze is the result of freezing rain or wet in-cloud icing. A smooth, transparent and homogenous ice layer is formed and strongly adheres on surfaces. Glaze is usually formed at temperatures from 0 °C to −6 °C with a density of around 900 kg/m3 [70].



Freezing rain occurs when the air aloft does not let water at temperatures below freezing to form ice crystals. As soon as freezing rain contacts a surface or the ground, it freezes. Conditions that favour freezing rain may be encountered in warm fronts or in valleys, where cold air may be trapped below warmer air aloft.



Wet in-cloud icing occurs when the surface temperature is close to 0 °C. The water droplets that hit a surface do not freeze completely. This results in the formation of a layer of liquid water which, due to wind and gravity, may flow around the surface and freeze also on its leeward side.




2.4.3. Wet Snow


Wet snow is formed by partially melted snow crystals with high liquid water content. The liquid content of the crystals increases the cohesive forces of this formation. Thus, it is able to adhere on an object’s surface. Wet snow accretion occurs when the air temperature is between 0 °C and +3 °C, with typical density from 300 kg/m3 to 600 kg/m3 [70]. If there is a temperature decrease after the wet snow accretion, then there can be ice formation.



Apart from the aforementioned categorisation, the icing conditions at a site are further described by the following additional parameters:




	
icing rate: ice accumulation per time (kg/h)



	
maximum ice load: maximum ice mass accreted at a structure (kg/m).








An icing event develops following the stages presented below [71], applicable to all structures exposed to atmospheric icing:




2.4.4. Meteorological Icing


Period during which the meteorological conditions (i.e., temperature, humidity, wind speed, etc.) favour ice formation (active ice formation).




2.4.5. Instrumental Icing


Period during which the ice remains at a structure. During that time the operation of the wind turbines is affected and their performance degrades.




2.4.6. Incubation Time


Delay period between the start of meteorological and start of instrumental icing (dependent on the surface and the temperature of the structure).



Figure 12 illustrates how the operation of a wind turbine is affected by icing according to the definitions described above [71]. When climate conditions for ice accretion are favourable (which signals the start of the meteorological icing period), then there is a certain delay period—the incubation time. The incubation time is the time required for the ice accretion to start on the wind turbine blades. The incubation time can be prolonged in an ideal case until the end of the meteorological icing, by using anti-icing measures, such as anti-icing coatings, heated surfaces, etc. As soon as ice has accumulated on the blade surfaces, which marks the start of instrumental icing, the wind turbine’s efficiency is affected. Ice accretion continues on the blade surfaces until the climate conditions for icing are not favourable anymore. However, ice will still remain on the blade surfaces for the recovery time, until it melts or falls off, with the end of the instrumental icing. The recovery time for the wind turbine blades can be significantly longer than the period of meteorological icing. By using de-icing measures, the recovery time can be shortened.



During the process of ice accumulation, the wind turbine is subjected to the above icing phases. Some of these phases (meteorological and maybe a part of instrumental icing) allow the turbine to remain operational. However, if the turbine’s limit for load bearing capacity is reached, or if there is a significant threat of ice-throw or the structural health of the turbine is endangered, then the turbine has reached its operational limit and must be stopped. The operational limit of the turbine will vary in each situation and is determined by the turbine design limits in response to environmental conditions and the surrounding safety limitations.



Ice accretion on the wind turbine blades produces significant change in the geometry of each blade’s surface, affecting its aerodynamic efficiency. As a result, the blade lift reduces while the drag increases, resulting in reduced power production and, eventually, in the turbine’s shutdown. Reduced power production occurs with an increasing number of lower than expected power stops, stops due to high vibration amplitude and stops due to faulty wind measurements.



Apart from the reduction in produced electricity, increasing vibrations and aerodynamic noise, imbalances in the blades, leading to increased wear in structural components such as connectors, couplers and gearbox, errors in nacelle wind speed measurements, as well as the risk of ice throw resulting in safety hazards should be expected as direct effects of icing [72,73,74,75]. Symmetrical icing of the blades reduces loads acting on the turbine components, whereas asymmetrical icing of the blades induces loads and vibrations in the tower, hub and nacelle assembly at a frequency synchronous to rotational speed of the turbine [74], imposing considerable fatigue loads. The aerodynamic changes in the iced blade can cause violent vibrations within the wind velocity operating range of the turbine [75]. Indirect consequences from the above effects might include reduced technical life, bodily injuries and material damage caused by falling ice.



An example of ice accretion on a turbine blade is presented in Figure 13 [69].



Iced up wind turbines blades and towers can pose a safety risk for wind parks visitors and staff, as large pieces of ice may be thrown from turbine blades during operation. Figure 14 is provided as an example of falling ice fragments [68].



Iced up wind turbine blades and towers can pose a safety risk for wind park visitors and staff, as large pieces of ice may be thrown from the turbine blades during operation. Figure 14 is provided as an example of falling ice fragments [69].



The cost related to icing mainly refers to the income loss imposed due to lower aerodynamic performance or even the interruption of the wind turbine’s operation, in the case of extreme accumulations of ice on the blades’ surface. The reduction in annual electricity production can exceed 10% due to icing or, in extreme cases with total shutdown of the turbine for a period of 2 months, it can be higher than 20% [77], leading to corresponding income loss.






3. Protection against Wind Turbine Blade Failures


Several techniques already have been applied in practise or studied in laboratory settings and presented in research articles on wind turbine blade protection from the aforementioned potential forms of damage. The most important of them are presented in the following sub-sections.



3.1. Protection from Lightning Damage


As the size of modern wind turbines increases, lightning protection becomes more and more important from an economic point of view, because the cost of repair for larger blades after a lightning strike is significantly higher than that for older, smaller blades. As they are installed at the top of the overall structure, the blades are commonly considered the most vulnerable part of the wind turbine in terms of lightning protection. Apart from the consequent damage to wind turbines blades, failure to ensure lightning protection may also negatively affect general attitudes toward wind energy exploitation.



Lightning protection on wind turbines can be approached in the following ways:




	
adequate driving of the lightning strike to a preferred point, such as the blade’s air termination system



	
installation of appropriate grounding, in order to guarantee the lightning current passage through the turbine’s structure into the earth, without causing any damage, including damage from strong electric or magnetic fields



	
minimisation of voltage gradients developed in and around the wind turbine.








The prerequisites and requirements for blade lightning protection systems (LPS) are defined in the IEC 61400-24 standard [40]. However, although a blade may be equipped with LPS, the probability of lightning damage can still exist, mainly due to interception failure of the air termination system during direct lightning attachment on the blade surface. Currently, there is no definite guidance or technology for guaranteed protection of wind turbines against lightning. Different methods and approaches have been introduced by the manufacturers, following the development of new wind turbines [20].



The different types of lightning protection installed in wind turbines blades are [40]:




	
air termination systems on the blade surfaces



	
high resistive tapes and diverters



	
down conductors placed inside the blade



	
conducting materials for the blade surface.








It is obvious that, regardless of the installed type of LPS, the metallic air terminations, strips, diverters and down conductors should be of sufficient cross sections in order to safely conduct the lightning current without any physical damage.



A commonly used protection method against lightning consists of a conductor installed inside the blade’s body [40], aiming to adequately drive the lightning current away from the blade’s mass. This conductor is connected to metal receptors (Figure 15), located at the blade’s tip, which in turn, by penetrating the blade’s surface, act as air terminations. This method is widely used for blades up to 60 m long [40], but is not likely to change for even longer blades. As already mentioned in Section 2.1, current LPS for wind turbines blades are designed to withstand 98% of lightning strikes.



Lightning receptors are the common technique applied in wind turbine blades for lightning protection. Yet, the observed number of lightning strike incidents proves that they cannot guarantee absolute protection [78]. An alternative protection method is to construct an isolated tower, which is installed a little apart from the wind turbine in order to block lightning discharge from it [78]. This method is expected to be fairly effective under the condition that wind direction is constant during thunderstorms. The lightning tower should be constructed on the windward side of a wind turbine. If the wind direction varies widely, it will be necessary to construct two or more towers. This approach is not practical from an economic viewpoint.



Another modern approach for lightning protection is the construction of the wind turbine blade with a non-metallic mesh. This non-metallic mesh is usually a continuous carbon fibre-reinforced thermoset resin that acts as a protection mesh on a glass fibre reinforced polymer (GFRP) composite surface. Experimental investigation of this technique has revealed that the carbon fibre mesh causes the striking current to spread outside the laminate instead of penetrating inside [79].




3.2. Protection against Fatigue


The major cause of wind turbine failure is fatigue. This is due to the vulnerability of wind turbine blades to cumulative fatigue damage imposed by the cyclic and repetitive nature of wind loading. Damage to wind turbine blades due to fatigue can be prevented with two alternative approaches:




	
adequate prediction of the blade’s material behaviour versus fatigue and its structural properties



	
appropriate selection of the wind park’s installation site and the optimum siting of the wind turbines.








The prediction of the dynamic behaviour of wind turbine blades constitutes one of the most important steps in the wind turbine design and development process, as it affects both the turbine’s efficiency, determining, eventually, the final electricity production, as well as the structural approach to the whole turbine’s construction, including the blades’ properties versus fatigue. The study of this dynamic behaviour can be undertaken with various methods of analysis [80], taking into account both the geometry and the material of the blade. Obviously this task depends on the manufacturer of the wind turbine and should be adequately approached using best practices and methods.



Among measures against fatigue that can be taken by the investor-owner of the wind park, first and above all, the proper siting of the wind turbines is the most efficient way to eliminate the fluctuating aerodynamic loading on the mechanical structure and, thus, the imposed fatigue consequences. In general, areas with small particles of soil or dust should be avoided. Additionally, as justified in Section 2.2, areas with intensive changes in mountain slopes and steep cliffs should not be selected for wind turbine installations. As a rule of thumb, the milder the land terrain, the less intensive the wind load variations will be [81].



Additionally, it has been found that turbulence intensity adversely affects the expected life to failure of a wind turbine blade [82]. Therefore, based on the data collected during a wind measurement campaign, or wind models, it is possible to determine the best location that minimises damage from fatigue.



After installation of the wind park, the only measure one can introduce against fatigue is the regular and valid inspection of wind turbine operations. Obviously, the main idea is that any potential fatigue-induced damage can be remedied easier and with lower cost if detected in time.



The inspection of wind turbine blades is a rather complicated task, as they exhibit an arbitrary curved surface, constitute complex multi-layered structures, are made with anisotropic materials and have variable thicknesses. Non-destructive testing (NDT) or non-destructive evaluation (NDE) is commonly used to monitor blade structures before, during and after installation. The most commonly applied NDT are [14]:




	
visual testing



	
ultrasonic testing



	
thermography



	
radiographic testing



	
acoustic emission.








Visual testing is a common method applied to inspect the discontinuities and cracks on wind turbine blade surfaces, especially in wind parks installed in isolated and difficult-to-access locations. It can be applied with the support of unmanned aerial vehicles (UAVs) equipped with photogrammetric or pan-tilt zoom cameras to provide images of the inspected structure. The latter are able to detect 2-cm width cracks from 200 m away [83]. The entire approach employs several artificial intelligence methods that aim to interpret the captured images and detect faults on the blade surfaces.



With the application of non-destructive ultrasonic evaluation, delamination, adhesive defects and resin-poor areas can be quickly, reliably and effectively detected. It is the most widely used non-destructive inspection technology for composite materials in industry. This technique is capable of detecting surface and subsurface faults. It is based on the analysis of the wave travelling along the blade. For the detection of faults, several mathematical and, recently, artificial intelligence methods have been proposed, aiming to overcome the noise introduced by the composite material and, of course, the complex geometry. The most popular studies are based on wavelet transform and pattern recognition [84], guided wave with signal processing [85], signal-to-noise processing [86] and simple harmonic motion analysis [87].



Infrared thermography can detect variations in the thermodynamic properties of the object and produce surface temperature patterns. Hot spots, due to degeneration of components or bad internal contact, can be identified in a simple and fast manner. It is a fast method and, due to this feature, it can be applied on large surfaces in short time. Among its main disadvantages, one can mention the misinterpretation of thermographs, which can be caused by reflections, dirt, etc. Yet, it has been proved that with the application of the appropriate filters, the noise generated by the application of this method can be detected and isolated [88]. In any case, the results of this method are also heavily based on the quality and the resolution of the employed thermographic camera, the type of heat source and, of course, the accuracy and the requirements of the investigated problem [89].



Radiographic testing is performed with the application of X-rays. The method is based on the different levels of absorption of X-ray photons as they pass through a material. The X-ray measurement data contain quantitative information about variations in density, which are caused by changes in material properties or internal delamination. X-rays combined with the new digital tomography technology enable 3D visualization of the structure of an inspected object [90].



The acoustic emission technique is based on the propagation of elastic waves through the mass of the material. The acoustic events are passively emitted by the material itself and not by an external excitation source [91]. The frequency of the acoustic event and any abnormalities in the wave’s propagation can indicate corresponding failures in the examined material’s structure, such as cracks, discontinuities, delamination, breakage, etc. The acoustic emission technique is appropriate to detect faults on wind turbine blades from their initiation stage; hence, it is usually employed for early damage detection [92]. Acoustic emission is performed with the installation of piezoelectric sensors properly allocated on the blade’s surface. An indicative allocation is presented in Figure 16 [93]. Cracks in particular are detected with either a single or a set of microphones [94]. The large amount of generated data requires appropriate processing, starting with the exclusion of noise and erroneous data. For this purpose, different mathematical approaches have been proposed in the literature, based on radical base function neural networks [95], Gaussian mixture models [96], wavelet transforms [97], etc.




3.3. Protection against Erosion


The protection of wind turbine blades against leading edge erosion is approached by applying plastic or elastomeric anti-corrosion protective tapes (e.g., abrasion-resistant polyurethane elastomers) or coatings on the blade’s leading edge (Figure 17 [98]).



The application of a polyurethane coating on the blade leading edges constitutes a commonly used technique for the protection of wind turbine blades against erosion. Such coatings have been widely used for the same reason on helicopter rotor blades. Polyurethane is characterized as segmented material, in the sense that its structure consists of both hard and soft segments. Hard segments have a direct positive impact on the stiffness and hardness of the material, while soft segments determine the toughness and the damping properties [99]. These combined features allow the development of strong, stiff, tough and composite coatings with good damping properties.



Moving one step ahead, an alternative approach against leading edge erosion is the application of multilayer coatings. Such multilayer protective coatings can be a combination of hybrid polycarbonatediol polyurethane-urea technology [100], polymer–metal laminates [101] or the introduction of nickel cobalt alloys into the main erosion protection material [102] and the application of electroformed nickel shields in the outer, higher speed parts of the blade and cheaper and lighter thermoplastic coatings in the intermediate regions closer to the hub [103]. These solutions aim to improve the strength and anticorrosive properties of the main protective polymer material.



The enhancement of the blades’ polymer coating with particle reinforcements at microscale and nanoscale constitutes another proposed technique for improved protection against leading edge erosion. Indicatively, the synthesis of epoxy coatings with surface treated ceramic nanoparticles [104] or the development of graphene-based coatings [105] have been proposed. The application of nanoengineering for the improvement of anti-corrosion coatings strongly depends on the manufacture of the coating, the manufacture and distribution of the nanoparticles, the coating’s surface processing, etc. [106,107].



The development of interpenetrated polymers based on polyurethane and epoxy resins constitutes another alternative solution, exhibiting specific attractive features, such as higher strength and improved damping properties [108]. The introduction of graphene to improve the mechanical and thermal properties of the interpenetrated polymer network also has been proposed [109], with positive results.



Another approach to improve the damping properties is the use of auxetic structures [110]. For this purpose, several studies are proposed [111,112]. Such an example is the use of chiral structures coupling uniaxial and rotational deformations to provide a negative Poisson’s ratio behaviour and high dissipation through shear strain energy; this feature is exploited by up-scaling the deformation mechanism of the chiral cell to design a damper that dissipates energy in the edgewise/shear modes, such as the ones occurring in wind turbine blades [113]. Other work describes the numerical and experimental assessment of using star-shaped biphase cells. The composite cells are intended for possible use as structural damping units to be located in maximum nodal strain positions corresponding to specific wind turbine blade modes [114].



Finally, as also stated in Section 2.3, the careful handling of the blade during manufacture, transport and installation is essential to avoid small tears or scratches that may act as initiation sites for further wear and erosion [115]. In general, a critical parameter is the surface roughness. The smoother the blade coating surface is, the more unfavourable the conditions for development of leading edge erosion will be [116]. However, the opposite opinion also exists, at least as far as the impact of airborne solid particles on blade erosion is concerned. According to this perspective, rugged, rough surfaces can exhibit improved anti-corrosion performance. This approach is bio-inspired and originated from the rough shells and skins of desert animals. Following this point, anti-corrosive rough bio-based surfaces have been developed, involving features and elements from desert scorpions [117,118].




3.4. Protection against Icing


The problems raised by ice formation on turbine blades can be treated with anti-icing or de-icing techniques. De-icing refers to the removal of ice from the blades. The aim is to reduce the recovery time from an icing event. Anti-icing aims to prevent or at least delay ice build-up on the wind turbines blades. Effective anti-icing methods will result in an increase in the incubation time (see Figure 12, Section 2.4).



Unfortunately, most of the research on wind turbine blade protection against icing is internally implemented by manufacturers, and therefore, relatively little information about the technical specifications and the performance of the techniques under development is available to the public. Currently, the commercially available and widely used and tested systems in independent R&D projects and in commercial applications are the hot air heating systems. These systems, and some more still in a trial phase, are presented in the next paragraphs.



De-icing: The hot air de-icing system operation is based on heat production and dissipation across the blade’s whole length, aiming to increase blade temperature and, therefore, concentrated ice melting. More specifically, hot air produced by electric resistance is propelled by a fan located in the root of the rotor blade over the ribs inside the blade all the way to the tip [119]. From the blade’s tip, the air circulates back to the root via the centre rib in the direction of the fan, creating, thus, a continuous flow. The continuous circulation of hot air inside the blade causes a temperature increase in the laminate above 0 °C, resulting, eventually, in the melting of ice or snow. This system, developed by ENERCON, has been tested thoroughly at the St. Brais site in Switzerland with satisfying results [120]. The power consumption of the rotor blade heating system is roughly 85 kW for the ENERCON E-82 and E-70 wind turbines, leading to a 4% reduction in the rated power production. It should be mentioned at this point that the loss of production due to icing in the winter months has been reported to be in excess of 10% annually in cold climates [121]. Alternatively, in wind turbines from other manufacturers, the electrical resistance is embedded inside the membrane or laminated on the surface of the turbine blade. Electrically heated foils can be heating wires or carbon fibres.



With all available versions of de-icing systems there is a potential risk, related to the high temperature induced in the blade’s interior. This temperature may pose considerable danger to the integrity of composite blades [122]. There are no reports regarding the long-term effects of heating systems on the structural integrity of large wind turbines.



The automatic operation of a de-icing system is another important field. The control of de-icing systems is based on ice detectors and blade surface temperature sensors. Additional temperature sensors are installed inside the blade to protect it from permanent damage due to overheating. Beyond the technical issues regarding safe and effective operation, which are described above, the correct timing for activation and deactivation of de-icing systems is an operation of major economic importance. The aim is to achieve the most cost-effective operating mode in terms of electricity consumed for heating versus the maximisation of electricity production from the wind turbine. To this end, several algorithms have been developed, based on a cluster of measurements received through an appropriate SCADA system and the exploitation of neural networks and artificial intelligence [123,124].



An innovative approach applied to ice protection systems introduces the use of ultrasonic guided waves (UGW). A few relevant research projects and review articles already have been reported [125,126,127]. UGW constitutes a non-destructive method, in which the waves propagate in a low frequency range, typically from 20 kHz to 100 kHz, along the length of the blade. According to wave theory, ultrasonic waves cause displacements and stresses inside a material as they propagate through it. Consequently, UGW possess, at least theoretically, the potential for removing ice accumulated on solid surfaces. Indeed, following the experiment presented in [128], an aluminium airfoil was de-iced once its resonance frequency had been matched with the applied 1 kHz UGW. The total procedure lasted 130 s in total, while the shear and normal stresses measured during the experiment reached 7.5 MPa and 25 MPa, respectively.



A target of obvious significance is the ability to predict icing and start up de-icing systems before there is ice on the blades. Such a possibility is not currently available. With all the developed de-icing systems, the process of removing the ice from the blade surfaces starts only after ice has been detected. A preventive de-icing, which would then be anti-icing, is not available today.



Finally, another potential drawback of de-icing systems comes from the fact that they are mainly applied on the blade’s leading edge. This implies a potential for secondary icing, namely the re-freezing and accumulation of initially melted ice on the unheated parts of the rotor blades.



Anti-icing: Anti-icing is mainly approached with the development of coatings with the ability to act as passive anti-ice surfaces [129]. In most cases, these coatings are constructed from hydrophobic materials that prevent water from remaining on their surfaces and, consequently, reduce ice formation. One big advantage of anti-icing methods is that no control system is needed. Although this approach sounds sensible, no general hydrophobic coating type has been reported to exhibit outstanding anti-icing results. This has been attributed to the fact that ice formation is affected by many factors, thus the importance of hydrophobicity is limited.



A first approach is the development of coatings with chemical freezing point depression, based on the leaching of depressors out of the paint matrix. Due to the leaching aspect, this effect is temporary and the technique is only suitable for applications that require ice-free surfaces for a short time.



The use of biochemical technologies for the prevention of ice formation on technical surfaces constitutes another promising idea. This biochemical approach is naturally adopted by organisms in polar and sub-polar climates (fish, amphibians, plants and insects), enabling them to survive in very low temperatures. In nature, this is achieved with antifreeze proteins on the organisms’ skin. Technically, this concept can be implemented by integrating substances with constitutive properties into a surface coating that can cause freezing point depression due to the configuration and conformation of the molecules. These molecules are described as thermal hysteresis proteins or, more commonly, as anti-freeze proteins (AFPs) [130]. They can selectively depress the freezing point without affecting the melting point of ice. This effect leads to a temperature difference between melting point and freezing point, known as “thermal hysteresis”.



Another approach is the development of coatings that contain hydrophilic centres in a hydrophobic environment. This allows water molecules to adhere to certain positions on the blade surface, yet the hydrophobic surroundings of these sites promote the removal of ice crystals.



In [131], an innovative dual de-icing and anti-icing system under development is presented. This either prevents ice accumulation (anti-icing) or removes any ice layer on a blade’s surface (de-icing). The method is based on the propagation of ultrasonic guided waves in composite blades to determine the optimal frequency and location of the transducers for ensuring wave propagation, causing the required level of energy concentration and resulting shear stress across the leading edge of the turbine’s blade. This allows specification and optimisation of the positioning of shakers, together with the magnitude and direction of harmonic forces required to induce sufficient acceleration to the blade surface for ice removal. A drawback of this method is the effect of blade distortion due to vibrations on the dynamical balancing of the turbine’s blades, which has not yet been investigated.



Most of the above presented approaches have been tested in labs, but only a few have been applied in the field. Hydrophobic coatings and biochemical technologies are generally either still subjects of lab research or at the early stages of field testing.



Finally, regarding the effects on public safety and health, wind turbine operations with iced up blades may not be permitted in certain countries or permitted only in the case of rime ice, as glaze ice is considered more dangerous. However, rime ice can be almost as dense as glaze ice, so there is no obvious reason to treat the cases differently. As visibility can be extremely poor under active icing conditions, warning signs should be closely spaced unless the area is accessible only via specific posted entry points. The areas of potential ice throw should be calculated and the proximity of developed areas, roads, and tourist infrastructure such as, for example, ski slopes, lifts, footpaths and parking areas must be taken into account when siting the turbines [132]. Warning signs of falling ice, visual warnings after icing events and horns or other active attention devices implemented before turbine start-up should be incorporated to help ensure public safety.



The cost associated with the installation and application of an anti-icing or a de-icing system in a wind turbine can reach 5% of the turbine’s total procurement cost [133].




3.5. Operating Strategies


The operating strategies for wind turbines to mitigate any possible damage to their blades are based on early detection and the actions required to prevent damage from becoming severe enough to negatively affect their operations and repair costs. They are performed with the collection of measurements of several critical parameters, such as temperature, noise, rotational speed, etc., gathered with the installation of relevant instruments (piezoelectric sensors, thermometers, optical sensors, etc.), or even cameras for optical inspection. The aforementioned process is always supported by the automatic inspection and control system that is commonly integrated into modern wind turbines, with the aim of detecting possible malfunctions or failures inside the nacelle, the bearing structure (pylon, foundation) and the rotor. Apart from the gathered measurement data, historical data and weather data also can be obtained.



Once the measurements and other data have been gathered and a fault has been detected, the proposed and applied operating algorithms aim to optimize the turbine’s operation in order to, depending on the damage severity, firstly prevent any further degradation of the turbine’s operational status and protect its structural integrity and, secondly, minimize the electricity production loss. Usually these operating algorithms are developed on the basis of specific mathematical models (e.g., Monte Carlo simulations to predict blade deterioration [134]) or on the experienced gained from technical facilities operating under the same conditions (e.g., data from offshore oil pumping stations can be used for offshore wind parks [135]). The potential decisions can be as follows:




	
shutdown of the wind turbine in case of severe damage or adverse weather conditions



	
selective shutdown or reduced operation, depending on the wind direction, of one or more wind turbines in case they affect the operation of the damaged turbine with their wake [136]



	
controlled operation of the damaged wind turbine in order to minimize power production loss, while concurrently executing the repair process.










4. Conclusions


A comprehensive analysis of the causes of potential wind turbine blade damage and the available methods and techniques to prevent or remedy them was presented in this article. As cumulative conclusions for the inspections, results and statistical data used in this work, the following can be stated:




	
A common conclusion from the evaluation of potential causes of wind turbine blade damage is the ultimate significance of the surrounding environment and the existing weather conditions. The appropriate selection of a wind park’s installation site and the adequate siting of the wind turbines can eliminate induced fatigue loads. Additionally, in mild weather conditions, the probability of damage from lightning, icing and leading edge erosion also can be minimised.



	
In any case, it was revealed that there is no absolute method for guaranteed protection against any potential damage. All of the developed techniques and approaches contribute to the reduction of damage risk; however none of them can eliminate it.



	
In general, to facilitate operation and maintenance in adverse climates, a SCADA (supervisory control and data acquisition) system can be of considerable assistance, e.g., with ice detection, lightning damage or vibration monitoring. Important information includes, for example, ambient temperature, visibility at the site, web camera photos of rotor blades, turbine wind sensors, rotor rotating speed, etc. The supervisory system aims to detect and handle any damage at an initial stage, thus eliminating any potential technical or economic impact on the normal operation of the wind turbine and minimising repair costs.



	
Attempting a qualitative approach to the potential causes of wind turbine blade damage, we should mention that lightning can induce the most severe damage, even the total destruction of the blade. This can also be caused by fatigue loads after a long period of repetitive dynamic loading. However, destruction due to fatigue loads can be easily prevented with the appropriate selection of the installation site, the correct siting of the wind turbines and inspections of their operation. This, in general, cannot be achieved with lightning, because it commonly exists everywhere and abruptly, in a manner that cannot be either prevented or controlled. Hence, once it has occurred, the resulting damage cannot be avoided or limited in terms of severity. Conversely, although fatigue can potentially cause more severe and important damage to the wind turbine’s structure because it evolves over time, its impact can be prevented at the initial stage through proper inspections of the turbine’s operation, avoiding in this way its destructive results.



	
Icing cannot be destructive to the blade’s structure, except under very extreme conditions. However, the accumulation of ice on blade surfaces for long time periods (e.g., for an entire winter period) can lead to considerable reductions in wind turbine performance, eventually causing a corresponding negative impact to the project’s economic efficiency, analogous to, or even higher than, the cost of repairing a turbine blade struck by lightning.



	
Leading edge erosion seems to be the milder form of potential damage to a wind turbine blade, as it affects only the outer coating of the blade and cannot be a risk to the blade’s structure in any case. It can be easily repaired if it is detected in time.



	
All forms of blade damage can seriously affect the aerodynamic performance of the wind turbine and, consequently, its annual electricity production. For example, the reduction in electricity production due to icing can exceed 10%, while in extreme cases, it can reach 30%. Similarly, the increased roughness of the blade’s outer surface due to leading edge erosion can cause a 5% reduction in annual electricity production through an increased drag coefficient. Lightning and fatigue can also lead to significant production losses when the turbine has to be shut down for maintenance or repair, or, in the worst-case scenario, when the blade has been destroyed.



	
Wind turbine blade repair costs depend on the severity of the damage. A blade damaged by lightning may require up to USD 30,000 to be repaired, while the total cost of replacing a destroyed blade can cost up to USD 200,000. In general, the three blades of a wind turbine together account for 15% to 20% of the wind turbine’s total manufacturing cost. Additionally, each day during which a wind turbine remains inoperative due to blade damage imposes income losses ranging from USD 800 to USD 1600, depending on the available wind potential. These figures highlight the significance of wind turbine blade damage to the performance of a wind park and the economic efficiency of the wind project.
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Figure 1. Evolution since 2015 in worldwide installed wind park generating capacity [1]. 
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Figure 2. Typical parts of a wind turbine’s blade [18]. 
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Figure 3. Materials used in the different parts of a wind turbine’s blade [19]. 
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Figure 4. Delamination and burn at the conductor’s edge point on the wind turbine’s blade. Typical wear due to lightning strike. 
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Figure 5. Shell debonding of around 1 m length, starting at 40 cm from the blade’s tip (left photo) and extending 60 cm in length (right photo). 
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Figure 6. Images of wind turbine blade shell detachment. 
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Figure 7. Typical images of wind turbine blade tip detachment, caused by lightning strikes. 






Figure 7. Typical images of wind turbine blade tip detachment, caused by lightning strikes.



[image: Energies 14 05974 g007]







[image: Energies 14 05974 g008 550] 





Figure 8. The shear effect. 
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Figure 9. Fatigue evolution process over time in anisotropic materials [46]. 
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Figure 10. Cracks in the hub joint area of a wind turbine blade due to fatigue [45]. 
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Figure 11. Examples of leading edge erosion [54]. 
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Figure 12. Definition of meteorological icing and instrumental icing [71]. 
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Figure 13. Ice on wind turbine blades [69,76]. 
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Figure 14. Ice falling or being thrown off a wind turbine poses a safety risk to turbine maintenance staff and, depending on turbine siting, the general public [69]. 
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Figure 15. Lightning protection methods for wind turbine blades [34]. 
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Figure 16. Indicative allocation of piezoelectric sensors for detection of faults or damage with acoustic emission technique [93]. 
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Figure 17. Application of anti-corrosion coating on wind turbine blade leading edge [98]. 
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Table 1. Indication of the moisture effect on the mechanical properties of FRP.
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Material

	
Maximum Moisture Absorption (%)

	
Stiffness Change (%)

	
Fatigue Strength

Reduction (Cycles)






	
Glass polyester

	
4

	
−10

	
−35 × 103–−10 × 107




	
Glass epoxy

	
2

	
−10

	
−20 × 103–−5 × 107




	
Carbon polyester

	
1.5

	
1

	
±0




	
Carbon epoxy

	
1.5

	
1




	
Glass—carbon epoxy

	
<2

	
±0
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