
Proceedings – Int. Workshop on Atmospheric Icing of Structures IWAIS 2022 - Montreal, Canada, June 19-23 

 

1 of 7 

 Review on Anti-icing and De-icing Techniques of 

Wind Turbine Blades 
Hanxiang Li, Qin Hu, Xingliang Jiang, Zhou Yu, Lichun Shu, Chao Li, Ziwei Qiu 

1 State Key Laboratory of Power Transmission Equipment &System Safety and New Technology, School of Electrical 

Engineering, Chongqing University, Chongqing, China 

hxlicqu@qq.com, huqin@cqu.edu.cn, xljiang@cqu.edu.cn  

 
Abstract—In recent years, the installed capacity of wind turbines 

has been growing rapidly worldwide. However, wind turbines in 

high-altitude or high-latitude regions suffer from icing disasters, 

which significantly cause ice accumulation on wind turbine 

blades and impair aerodynamic performance. There is a large 

volume of published studies proposing many Ice Protection 

Systems (IPS) methods for wind turbines. However, most current 

anti-icing and de-icing techniques have only focused on ice 

mitigation results and ignored anti-icing and de-icing efficiency. 

Consequently, this paper summarizes the principles, application, 

and related research of the existing wind turbine anti-icing and 

de-icing techniques, classified into passive and active. 

Furthermore, this paper demonstrates that the mechanical de-

icing method, mainly electro-impulse and pneumatic de-icing 

techniques used in the aerospace field, presents broad 

development prospects and high utilization potentiality on wind 

turbine blades. The two techniques' superiority and further 

research directions are presented to provide valuable insights on 

ice prevention for wind turbines. 

Keywords—Wind turbine blades, ice protection system, electro-

impulse de-icing, pneumatic de-icing. 

I. INTRODUCTION 

With the background of renewable energy development, 

wind energy plays a significant role in global energy 

transformation and has become the fastest growing energy 

source worldwide[1-2]. International Energy Agency (IEA) 

reported that in 2020, 93 GW of new wind power capacity was 

installed globally, over year-over-year growth of 53%, and 

onshore capacity increased by 86.9 GW, an increase of 59%[3]. 

Generally, the operation of wind turbine blades is 

susceptible to icing. Previous research has established that 

surface icing on wind turbine blades will negatively affect the 

aerodynamic performance, leading to power generation loss 

and damage to components, even complete shutdown[4-5]. 

To prevent and mitigate icing on wind turbines, global 

scholars published a considerable amount of literature on Ice 

Protection Systems (IPS). Overall, these studies can be 

classified into passive and active methods. Passive methods 

utilize the physical properties of the blade surface to eliminate 

or prevent ice, while active methods use external systems and 

require an energy supply[6-7]. Besides, each method contains 

anti-icing and de-icing techniques. Anti-icing techniques 

prevent ice accumulation on the object, while de-icing 

techniques remove the accumulated ice after ice accretion. 

However, the generalisability of much published research on 

IPS is problematic. This paper elaborates current wind turbine 

anti-icing and de-icing techniques. Their advantages and 

disadvantages are compared, and the application prospects on 

wind turbines of electro-impulse and pneumatic de-icing 

techniques have been discussed.  

II. PASSIVE METHODS 

A. Passive anti-icing techniques 

1)  Chemicals: Chemicals applied to the icing surface are 

usually produced as antifreeze solutions. Antifreeze solutions 

such as ethanol, ethylene glycol, and propylene glycol applied 

to the wind turbine blades will mix with the supercooled water 

droplets captured by the blades to reduce the freezing point of 

the solution and reduce the possibility of freezing during the 

rotation of the blades[8-9].  

However, chemicals are corrosive on the surface of wind 

turbine blades and will increase the surface roughness, affect 

the aerodynamic performances, and pollute the environment. 

Additionally, chemicals possess a short effective duration and 

require a large dosage of frequently replenishing, consuming 

time and work. The anti-icing effect of the chemical is poor in 

the case of extremely low temperatures[10]. 

2)  Anti-icing coatings: Anti-icing coatings work in two 

ways. One is to reduce ice accumulation on the blade surface 

by reducing captured supercooled water droplets. On the other 

hand, the ice adhesion to the blade surface is reduced to slide 

off the ice layer easily with natural wind or gravity. The 

convenience of applying coatings makes it the first choice for 

most anti-icing problems. Large-scale research and 

development have been carried out in aircraft, transmission 

lines, road traffic, unique clothing, and other areas[11]. The 

commonly used anti-icing coatings include hydrophobic, 

photothermal, and electrothermal anti-icing coatings[8]. 

Hydrophobic coatings, which also contain the ice-phobic 

coatings, will increase the contact angle and reduce the surface 

energy, as shown in Fig. 1, making it difficult for the captured 

supercooled water droplets to adhere to and freeze on the 

blade surface for a long time[12-13]. However, the hydrophobic 

coating can only delay the icing process on the blade surface. 

Its anti-icing effect will be lost entirely when the surface is 

covered by a thin water film or ice layer. Therefore, in 

practical application, it is usually applied with the electric 

heating system as a supplemental measure to reduce the 

operating energy consumption of the electric heating 

system[14-15]. 
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Fig. 1 Anti-icing principle of Superhydrophobic Coatings. 
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Photothermal anti-icing coating adds light-absorbing 

substances into hydrophobic coatings to absorb sunlight and 

convert solar energy into heat energy to melt surface icing. 

Photothermal anti-icing coatings have the advantages of 

environmental protection, cleanliness, high safety, and 

sustainable development. However, the realistic weather 

resistance and anti-icing efficiency are unknown. 

Meanwhile, electrothermal anti-icing coatings mix with 

conductive substances to reduce the surface resistance, 

increase the surface leakage current, and melt ice by the Joule 

heat energy generated from the leakage current. In other 

respects, the application of electrothermal coatings will 

impact the electrical properties of wind turbine blades, cause 

power consumption and accelerate skin ageing[7]. 

Black coatings, generally used with hydrophobic coatings, 

accelerate the melting process by enhancing the solar radiation 

absorption of blades and were applied in wind farms in the 

Yukon region of Canada[16]. The application of this method is 

limited to the areas with light icing, infrequent icing periods, 

and high winter solar intensity at lower altitudes[6]. 

B. Passive de-icing techniques 

1)  Flexible blades: A system designed with flexible blades 

are proposed to shed the ice by the blade bending shear force. 

This technique only removes particular thickness of icing and 

compromises the aerodynamic properties of the blade. The 

research and application of flexible blades are hardly reported 

and published[17]. 

2)  Blade pitching: This method directly turns blades to the 

sun to receive more heat energy, only suitable in slight icing 

environments. The influence of this method on wind turbines 

and power production is not verified[17]. 

III. ACTIVE METHODS 

A. Active anti-icing techniques 

Most mature active anti-icing techniques prevent the ice 

adsorption by heating the blades and keeping the blade surface 

temperature around 0℃ to prevent ice accumulation. This 

method, namely ice melting, can be applied in both anti-icing 

and de-icing mode[7]. The approaches to heating the blade's 

surface can be achieved through the following methods: 

1)  Electrical resistance anti-icing: The electric heating 

anti-icing and de-icing methods aim to heat the outer surface 

of wind turbine blades with electric energy. This method is 

applicable either in anti-icing or de-icing events and consists 

of electrical heating elements embedded inside the membrane 

or laminated on the surface[7]. 

In anti-icing mode, the blade surface temperature would be 

maintained at around 0℃ to prevent icing[18]. In ideal 

conditions, no icing would be kept on the blade surface, and 

the blade aerodynamic performance is proctected[6]. However, 

this method is generally associated with ice detectors and 

controlled by a closed system, which withdraws a high amount 

of energy. Besides, the anti-icing mode applies only to light 

icing areas, and its practical application is less researched. The 

electrical resistance method was much more applied in de-

icing mode. For more details, please see the active de-icing 

section.  

2)  Air layer: The airflow layer method refers to the 

circulation of air inside and on the surface of the blade through 

the small holes on the blade. The blade surface is covered with 

airflow, and the water droplets are blocked by the flowing air 

instead of falling on the surface. 

This layer of air would deflect most water droplets in the 

air and melt the few droplets that managed to strike the 

surface[8],[19]. However, in the working condition, the uneven 

distribution of airflow at the exhaust port on wind turbine 

blades will eventually cause an uneven anti-icing effect. Even 

worse, the blade shape of wind turbines is a key component 

designed to convert wind energy into mechanical energy 

according to the Blade-element Theory, which determines 

wind energy conversion efficiency[20]. The influence of the air 

layer on the blade aerodynamic performance and practical 

anti-icing effect is waiting for research. 

3)  Microwave: This method maintains the blade surface 

temperature above 0°C by heating the blade material with 

microwave to prevent ice accumulation[21].  

Microwave-reflecting materials are recommended to cover 

the blade's surface. Another method is proposed that the 

blades would be heated when blades pass in front of the tower 

by fixing an emitter on the tower[7]. Microwave anti-icing 

techniques are generally applied in aviation, automobile, and 

road de-icing fields, and most are published in patent forms[22-

26]. It is hardly reported and published that wind turbines have 

adopted microwave anti-icing techniques yet. 

4)  Hot air anti-icing: The hot air anti-icing system uses the 

hollow structure inside the blade to transfer the hot air heated 

from the blade root to the tip where the ice is most severed 

from wind turbines. The hot air anti-icing and de-icing 

techniques first appeared in the aviation industry and were 

first introduced to the wind power industry by the German 

wind turbine manufacturer Enercon in 2009. The hot air 

technique can be used in both anti-icing and de-icing, and 

more details will be discussed in the active de-icing section[27]. 

B. Active de-icing techniques 

1)  Electrical resistance de-icing: The electrical heating 

anti-icing and de-icing system generally comprise a control 

system, an energy supply device, and a heating element. Its 

core element is a heating element made of metal or carbon 

fiber material[28-30]. Electrical heating elements can be heating 

wires or carbon fibers, designed to be flexible and bendable to 

directly attach to icing areas to melt the ice layer[19]. The 

different icing conditions in different positions would 

significantly affect wind turbine power production. The 

results proved that the blade's leading edge generally has the 

severest icing condition[7],[31]. The heating elements' 

arrangements should be explicitly designed to improve the de-

icing efficiency. Firstly, the power required for different icing 

positions of the blade is different[32-34], and the wind turbine 

blade can be divided into different sections with a single 

heating control strategy to design the heating elements 

arrangements[35-37]. The anti-icing/de-icing power density 

calculation model of the heat balance process can be founded 

for each de-icing section to analyze the power consumption[38-

39]. Two types of arrangements of heating elements are 

proposed and researched[40-41]. Also, the control strategy is 

composed that when the ice thickness in a specific blade 

surface area reaches a particular preset value, the heating 
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element in that area is activated. Once a water film forms at 

the surface interface, the heating element is deactivated[42-43]. 

Duration and heat are calibrated and controlled based on 

critical parameters such as blade surface temperature, ice type, 

ice thickness, and thermal properties of the embedded 

material[44]. Finally, air resistance and gravity would remove 

the ice layer after the water film[45-46]. 

This method has been used successfully in the aerospace 

industry for many years. Many companies have promoted the 

progress of heating elements[6],[47]. The heating efficiency of 

this method is close to 100%, and the energy demand hardly 

increases with the size of the blade[6]. Also, in the practical de-

icing process, the electric heat energy directly acts on the ice 

layer on the outer surface of the blade, increasing 

effectiveness and response, and can be distributed on the blade 

surface[7],[48]. The heating cycle and its duration depend on 

surface temperature, ambient temperature, and the difference 

between the two. Better performance can be achieved by using 

higher intensity pulse signals for de-icing the blade surface[49]. 

Additionally, the heating element is attached to the outer 

surface of the blade's leading edge, which can also help 

prevent these areas from raindrops and sand erosion during 

non-glacial periods[8],[50]. However, the existence of electric 

heating elements on the outer surface of the blade increases 

the electrical conductivity of the outer surface of some areas 

of the blade, so this method, like the electro-impulse technique, 

has a certain risk of lightning induction[7],[44]. Besides, this 

method may increase blade surface roughness and cause 

backflow water effect[19],[51]. Finally, the large number of 

thermal elements covering the surface of the blade requires a 

complex wiring network, which can cause problems in the 

heating system[19]. 

Blade  Surface

Embedded Material

Heating Region

Heating Element

Power 

Supply

Controller

 
Fig. 2 A  schematic of a heat resistance de-icing technique[49]. 

2)  Hot air and radiator: This method consists of blowing 

hot air generated at the root of each blade or inside the hub 

into the rotor blades with special tubes[19],[44],[47]. The hot air 

de-icing system comprises a blower, a heater, and a blade 

heating control system[52]. The blower transports the hot air 

heated by the heater to the severely ice-covered part of the 

blade through the tubes. The hot air will flow between the 

leading edge of the blade and the web to the trailing edge of 

the blade and the web. The cavity inside the blade would be 

full of heated hot air. Then heat energy would be transferred 

to the blades by convection heat transfer and then transferred 

to the ice cubes thermally conductively, forming a water film 

on the surface between the ice layer and the blades[47]. The ice 

layer then would fall off under the action of centrifugal force 

and gravity[53]. The factors of the de-icing efficiency of the hot 

air technique are blade wall thickness, the thermal 

conductivity of the blade material, the scale size of the blade, 

and the temperature and volume of hot air[49],[54-55]. Also, the 

closed recycle system is recommended, where the temperature 

can be controlled[49]. The waste heat energy produced by the 

wind turbine can be gathered to improve the heating 

efficiency[56]. 

This technique does not affect the environment and is not 

affected by lightning[54]. At present, most research on this 

technique is published in patent forms[57-61]. For technical 

reserves, major wind turbine manufacturers such as Enercon, 

Senvion, and Vestas have successfully developed relevant 

devices and completed experimental tests, but large-scale 

commercial applications have not been realized due to the 

inherent defects of this technology. Besides, a slip ring that 

transforms hot air from the wind turbine hub to the blades is 

required, which reforms the wind turbine structures and 

affects mechanical characteristics. Also, this method 

consumes much power at high wind speed and low 

temperature by heating the air[7]. With the increased size and 

thickness of blades, more heat energy needs to be pushed and 

transferred through the surface and to the blade's tip[6]. 

However, the interior of the wind turbine nacelle does not 

have relevant heat source conditions, and additional heating 

devices and blowing devices are required, which consume 

much energy and require much modification to wind turbines. 

Additionally, modern wind turbine blades are made of 

fiberglass material with low thermal conductivity, making it 

difficult to heat the ice coating on the outer surface of the blade 

from the inside of the blade[18-19]. For the composite material 

wind turbines, the thermal ageing of hot air on the blades 

should be considered[47]. 

3)  Ultrasonic de-icing: Ultrasonic techniques have been 

extensively studied and applied for aircraft icing research[62]. 

Based on the different existing characteristics of the ice and 

blade's surface, the ultrasonic wave could motivate high-

frequency vibration, producing shear stresses, on the skin of 

aircraft to remove ice[49],[63-64]. Piezoelectric actuators generate 

the shear stresses at positions where ice has accumulated to 

separate its adhesive layer from the blade's surface[65]. This 

method involves several components, including ultrasonic 

wave de-icing theory, piezoelectric materials and transducers, 

de-icing system design, and energy efficiency[66]. 

Ultrasonic guided wave anti-icing/de-icing technology has 

a good de-icing effect and has the advantages of low energy 

consumption, light weight, and low cost[5],[65-66]. Also, this 

technique has a reasonable performance in low temperature 

environments and has little influence on the turbine 

aerodynamics[49]. However, this technique is under research. 

Ultrasonic de-icing is ineffective during heavy ice events due 

to low output capacity and unknown effectiveness on larger 

water droplets[49]. Besides, the ultrasonic wave’s de-icing 

range and resonance phenomena are not researched[67].  

Ultrasonic techniques belong to mechanical ic mitigation 

techniques that break the accumulated ice using the energy 

produced by vibrations or mechanical movement of the 

surface. The electro-impulse and pneumatic de-icing 

techniques are contained either. A technical comparison 

among widespread ice protection techniques is presented in 

Table I., including electro-impulse and pneumatic de-icing 

techniques that will be described in detail in the next part. 
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TABLE I. COMPARISON AMONG ICE PREVENTION TECHNIQUES 

 Protection Types WT Reform 
Roughness  

Increase 

Control  

Difficulties 

Operation  

Consumption 
Effect 

Chemicals Anti-icing/De-icing No Low No No Limited 

Anti-icing Coatings Anti-icing/De-icing No Medium No No Limited 

Black Coatings Anti-icing/De-icing No Medium No No Limited 

Microwave Anti-icing/De-icing Yes No High Low Effective 

Hot Air Anti-icing/De-icing Yes No Medium High Effective 

Ultrasonic Wave De-icing Yes No High Low Effective 

Electric Resistance Anti-icing/De-icing Yes Low High High Highly Effective 

Electro-impulse De-icing Yes Medium High Medium Highly Effective 

Pneumatic De-icing Yes Medium Medium Low Highly Effective 

4)  Electro-impulsive de-icing: Electro-impulse de-icing 

technique uses repulsive electromagnetic force to make ice 

fall off. When the aircraft or wind turbine blade needs to be 

de-iced, the control system sends a control signal to the switch 

to turn on the discharge circuit[68]. The capacitor discharges 

through the switch to the pulse coil, creating a rapidly 

changing magnetic field. The time-varying magnetic field 

induces eddy currents in the metal skin, resulting in 

instantaneous pulse forces of several hundred pounds, but the 

pulses are of short duration. The skin vibrates under the action 

of the impulse force, which can separate the ice layer from the 

skin[8],[32]. Finally, the residual ice accretion is removed under 

the action of aerodynamic and inertial forces[69]. When the 

thickness of the accumulated ice layer on the surface of the 

aircraft reaches a certain thickness, the Electro Impulse De-

Icing (EIDI) system can be activated again[68]. The schematic 

system of the EIDI de-icing device is shown in Fig. 3. 

 
Fig. 3 The basic EIDI system[76]. 

Electro-impulse de-icing technique was first proposed in 

Germany in 1937, and many studies have been carried out 

based on this. The Wichita State University research installed 

the EIDI device on aircraft to conduct flight tests and ice wind 

tunnel tests and verified the feasibility of the EIDI system on 

aircraft[71]. Worldwide scholars analyze the influence of the 

key structure parameters in the EIDI system on 

electrodynamic characteristics of pulse coils, including the 

number, placement arrangement, and starting time[70],[72-74]. 

However, only the design and manufacture of the device are 

not realistic for industrial applications. The icing mechanism, 

icing distribution, and icing pattern are still studied. Also, the 

bond strength between ice and skin differs in different icing 

environments, and de-icing criteria for different icing 

environments are proposed to satisfy different demands in 

applications. The EIDI system was installed on wind turbine 

blades, and de-icing experiments were tested in Fig. 4. The de-

icing results achieved a removal percentage of around 84%, 

which is caused by defects from manufacturing[76]. Also, the 

EIDI system is applied to ground wire de-icing in the power 

transmission line[77]. 

De-icing area

De-icing area

De-icing area

14mm icing

 
Fig. 4 The EIDI system on wind turbines[76]. 

The EIDI system is efficient, environmentally friendly, has 

low energy consumption, causes no interference with Hertz 

transmission, and is easily automated[32]. However, it is a new 

technique for wind turbines, and its reliability has not yet been 

tested[75]. In future research, the electromagnetic interference 

of the EIDI system is supposed to be tested. Also,  fatigue tests 

of the wind turbine blade leading edge, rivets, and holes are 

recommended[71].  

5)  Pneumatic de-icing: Pneumatic de-icing technique 

refers that the ice layer is broken and fallen off by the 

expansion and ejection of the expansion tube, airbag, etc., on 

the leading-edge surface of the airfoils or blades[49]. In the 

normal non-inflated state, the tubes lay flat and attached to the 

de-icer and cover the severe icing areas. When the ice layer on 

the surface reaches about 6 to 13 mm, de-icers are inflated 

with compressed air, and ice layers are cracked[6-7]. Then, 

cracked ice would be removed by centrifugal and 

aerodynamic force and gravity[49]. Finally, the compressed air 

is supposed to be released outside or recycled to ensure the 

inflate tubes are reset[78]. The de-icing process is shown in Fig. 

5. 
Flexible Rubber

Blade Surface

During Opertion

Inflated

Air Pressure

Before Operation

 
Fig. 5 The principle of pneumatic de-icing technique[49]. 
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The pneumatic system has been installed on aircraft by the 

Goodrich company. The de-icing cover's material 

composition, shape structure, and arrangement are crucial in 

the pneumatic deicing system. The ducts in the pneumatic 

hood can be arranged in the spanwise direction or the 

chordwise direction. There are also designs where the ducts 

are alternately arranged, but there are few applications. The 

chordwise arrangement of the ducts has less resistance to the 

aircraft than the spanwise arrangement, but this also makes it 

more challenging to manufacture[78]. However, the 

deformation of the de-icer will impair the aerodynamic 

performance of aircraft[84]. The structure is improved and 

embedded in the wing groove to realize the disassembly and 

replacement of the aerodynamic cover[85]. The NASA ice wind 

tunnel test shows that a pneumatic de-icing system with small 

deformation should also rely on the rapid movement of the 

surface to mitigate ice accretion. A pneumatic impulse de-

icing system, namely the PIIP system, for aircraft is proposed, 

which can produce 0.38~0.76mm normal deformation within 

50μs. The explorative pneumatic impulse de-icing tests are 

taken at the phytotron at Chongqing University. The PIIP 

system is installed on flat boards, and the de-icing results 

achieved a removal percentage above 80%, as shown in Fig. 

6. The PIIP system on wind turbines is believed to have better 

de-icing performance as the manufacturing process improves. 

 
Fig. 6 The explorative pneumatic impulse de-icing tests. 

Currently, icing wind tunnel test technology for pneumatic 

de-icing aircraft is proposed[79]. The numerical models of 

pneumatic ice protection systems for aircraft are built, 

providing theoretical and experimental support [80-81]. 

Pneumatic de-icing has a low energy consumption and fast 

response[82]. Also, this technique has a simple structure and is 

easy to be attached to the surface of wind turbine blades and 

airfoils. However, the drawbacks of this technique are that it 

cannot operate at shallow temperatures due to the rubber 

becoming brittle[49]. Since the de-icer is attached to the surface 

of the airfoils and blades, it may increase the surface 

roughness, which can negatively affect the aerodynamics of 

the blade by increasing drag force. The research proposed that 

a pneumatic de-icer could be covered by the skin of airfoils 

and blades[83]. However, it would damage the existing airfoils 

and blades to bury the de-icer under the skin. This method is 

still in research with little publication. Additionally, this 

technique has a shorter life span due to its mechanical 

operation like electro-impulse de-icing. Consequently, it still 

needs to be investigated in laboratories before application. 

IV. CONCLUSIONS 

From this review of the concept and working principles of 

ice detection methods that can be adapted for the blades of 

wind turbines, coating anti-icing methods use the physical or 

chemical properties of special coatings to melt the ice or 

reduce the adhesion between the ice and the surface of the 

object, thereby removing the ice from the surface. The 

chemicals anti-icing method greatly reduces the freezing point 

of the mixture solution to mitigate ice acceleration. However, 

both methods have poor timeliness and lose most of their anti-

icing effect after several icing.  

Thermal de-icing methods mainly include hot air anti-

icing/de-icing and electric heating anti-icing/de-icing, etc. 

This method has high energy consumption and low efficiency. 

Microwave and ultrasonic ice mitigation techniques have a 

low energy consumption, fast response, and no effect on blade 

surface roughness. However, the function of lighting 

protection is not verified, and its adaption to wind turbines is 

not tested. 

Compared with other anti-icing methods, mechanical de-

icing methods have a simple structure, low cost and high 

efficiency. Electro-impulse and pneumatic consume less 

energy and remove ice efficiently. Nevertheless, the fatigue 

performance and application on wind turbines are not tested. 

Even though these anti-icing and de-icing techniques have 

some practical advantages, they still have critical drawbacks 

that make them in-applicable when combined in integrated 

systems. Therefore, they need further investigation to improve 

their properties and capabilities regarding their interactions 

with each other to achieve optimum integration. 
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