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ABSTRACT 

Wind energy projects in cold climate areas are more and more favored due to the 

presence of high wind potential and the availability of land in those areas. A serious 

problem, however, is the impact of icing on the wind turbine and on the energy 

production.  

The main objective of this Thesis is to present the available options for mitigating the 

risks of wind turbines’ blade icing and to evaluate the investment of the wind turbines’ 

anti-icing systems. To this end, a heuristic algorithmic method has been developed as 

well as a simple computational tool in order to assess the economic feasibility of anti-

icing systems. The method has subsequently been applied in three case studies and 

relevant conclusions have been drawn 

Initially a literature review has been conducted that encompassed issues like the direct 

and indirect impacts of icing on wind turbines (reduced yield, increased loads and noise 

emission, health and safety risks, etc.), the difficulties of estimating icing formulation 

and icing production losses and the anti-icing and de-icing systems and their 

functionality, advantages and disadvantages.  

Subsequently, the heuristic algorithmic method has been developed which is based on 

estimating the energy production of a wind turbine for three scenarios - with no icing 

occurring, with icing but without any anti- and de-icing system installed and with an 

anti-icing system installed – followed by a sensitivity analysis of the economic 

performance parameter, the simple pay-back period. 

The method has been accommodated in a simple computational excel-based tool and has 

been applied to three case studies located in the north Norway, in central Sweden and in 

south Finland. The production losses related to icing are in the expected ranges typical 

for the geographic location and so is the economic performance parameter which 

indicate that the investment in an anti-icing system is recommended for the three case 

studies. Results showed that the wind resources, the electricity export price and the 

annual icing hours are the parameters that determine the feasibility of an anti-icing 

system for a wind farm project.  
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NOMENCLATURE 
 

ADIS Anti-icing and De-icing Systems 

AEP Annual Energy Production 

AIS Anti-icing system 

CC Cold Climate 

DIS De-icing system 

OEM Original Equipment Manufacturer 

WT Wind Turbine 
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CHAPTER 1  INTRODUCTION   

1.1 Background 

In times of a growing need for renewable energies, wind energy projects in cold climate areas are 

becoming increasingly favored because of the high wind potential and the availability of land in 

these regions. According to BTM’s 1 latest World Market Update, BTM is expecting an installed 

capacity of 69GW in the cold-climate market by the end of 2012 and additional 50GW by 2017 

(BTM, 2013). Besides those ambitious predictions the impact of icing on the wind turbines and 

on the energy production cannot be ignored. 

Wind energy in cold climate is threatened by the various direct and indirect effects of icing – 

increased loads and thereby diminished component life time, increase noise levels and thereby 

environmental restrictions, health and safety risk and thereby forced shut down of the wind 

turbine and foremost altered aerodynamic properties of the blades and thereby reduced energy 

yield (Dalili et al. 2009; Baring-Gould et al. 2011).  

Hence, for wind energy projects in cold climate areas the impact of icing needs to be evaluated in 

order to minimize the uncertainties and risks involved.  

 

1.2  Objective 

Bearing in mind the potential as well as the risks of wind farms in cold climate regions, the focus 

of this Thesis lies in how to counter those risks. The research question is: Which options are 

available for mitigating the risks of blade icing on wind turbines in general and in particular when 

is an investment in anti-icing systems justifiable? For the later the objective is to develop a 

method and a tool for evaluating the investment in wind turbines’ anti-icing system. 

 

1.3  Justification for the research  

For wind farms which are exposed to icing it is imperative to consider the risks and the impact of 

icing as well as possible mitigation strategies. Furthermore, this needs to be done already in the 

initial economic assessment in the pre-construction phase because it will affect the profitability 

and bankability of the wind farm project. This Thesis was written in collaboration with MECAL 

                                                 
1  independent consultancy company specialized in renewable energy commercialization, 

http://www.navigantresearch.com/research/world-market-update-2012 
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Independent eXperts2, a Dutch wind energy consultancy. Hence, the evaluation tool which shall 

be developed was designed so that it can be used as an integrated module in MECAL’s in-house 

financial model. 

 

1.4  Methodology 

The investment in anti-icing systems will be evaluated with the help of an economic parameter -

the simple pack-back period. The method for obtaining the economic performance parameter is 

based on the estimation of the energy production of a wind turbine for three different scenarios 

which are explained in more detail in chapter 3 and it has been applied to three case studies 

which are presented in chapter 4. 

 

1.5  Questions raised and outline of the report  

In the next chapter 2: Literature review the following questions will be addressed: 

 Why is icing such a threat to wind energy in cold climate? In other words, what are the 

impacts of icing on wind turbines? (section 2.3) 

 How can icing and icing losses be estimated? (section 2.4) 

 What are the available options for mitigating the risk of icing and what are the pros and 

cons of each system in mitigating the risks of icing? (section 2.5 – 2.10) 

Subsequently a heuristic algorithmic method for evaluating the feasibility of anti-icing systems in 

wind power projects is developed in chapter 3 before it is being validated with the help of three 

case studies in chapter 4. The results of the three case studies are discussed in chapter 5 and the 

conclusions of the report are given in chapter 6.  

                                                 
2 http://www.mecal.eu/; https://www.linkedin.com/company/mecal-independent-experts  
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CHAPTER 2 STATE OF THE ART:  WIND TURBINES’ ANTI- AND 

DE-ICING SYSTEMS 

2.1 Introduction 

This chapter starts with clarifying some important aspects of wind energy in cold climate 

including definitions of the common terminology, the impact of icing on wind turbines and how 

icing is being assessed in general. In the following sections anti- and de-icing systems (ADIS) are 

explained by first introducing a general categorization before presenting each of them in more 

detail. Anti-icing refers to the prevention of icing on the wind turbine rotor blades whereas de-

icing refers to the removal of ice from the blades after its formation. To complement an overview 

of the commercial available ADIS is presented. 

 

2.2 Definitions  

The below definitions are important for a better understanding for wind farms in cold climates 

and for a successful decision making. 

Cold Climate 

Cold Climate refers to regions which have the conditions favorable for icing accretion or 

temperature below the operational limit of standard wind turbines. Areas where icing events 

occur are further defined as Icing Climates and areas with average annual air temperatures below 

0°C or air temperature below -20°C on more than 9 days per year (hourly value) are defined as 

Low Temperature Climates (Baring-Gould et al. 2012). These definitions are illustrated further in 

Figure 1 and it shows that a wind turbine site can either be exposed to icing or low temperatures 

or both while they are still denoted as Cold Climate sites. 

Figure 1: Cold Climate 
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Icing 

The expression “atmospheric icing” comprises all the processes of the accretion of ice or snow on 

the surface of objects exposed to the atmosphere. There are two main types of atmospheric icing 

relevant to wind turbines which differ in the formation process: In-cloud icing due to super-

cooled water droplets in a cloud or in fog which freeze immediately upon impact with a surface 

and precipitation icing. The other type of ice, hoar frost, is not believed to cause any significant 

impact on wind turbines and their loads and therefore will not be considered (Fikke et al. 2006). 

In-cloud icing can be further subdivided into rime and glaze and precipitation icing into freezing 

rain or drizzle and wet snow (Fikke et al. 2006; ISO 12494:2001, 2001). 

Rime is the most common type of in-cloud icing and it occurs most sever on freely exposed 

mountain, especially when the moist wind is blowing from the sea, or where mountain valleys 

force moist air through passes at increased wind speeds. Whether soft or hard rime is formed is 

the result of the size of the water droplet and the liquid water content of the air. Generally, rime 

ice forms at temperature from 0° until -20°C as at lower temperatures the liquid water content of 

the air becomes too small.  

Soft rime consists mainly of thin white ice with needles and flakes and it occurs when the liquid 

water content is low and the droplet size is small. This results into a low density and little 

adhesion. It can easily be removed.  

Hard rime, on the other hand, is opaque, has a higher density (higher liquid water content and 

medium sized droplets) and adheres firmly on a surface which makes it difficult to remove.  

Glaze is caused either by wet in-cloud icing or freezing rain and drizzle when a portion of the 

droplet does not freeze upon impact but runs back and freezes later. Therefore the amount of 

trapped air is low and the glaze forms a solid cover of transparent ice with strong density and 

adhesion. It is the most difficult to remove. Glaze usually occurs at temperature from 0°C to -

6°C. Wet in-cloud icing takes place when the surface temperatures is near 0°C while freezing rain 

or drizzle happens often in connection with temperature inversion where cold air is trapped below 

warm air aloft. 

Wet snow occurs when air temperature is just above the freezing point so that the free water in 

the partly melted snow can sticks to the surface. Initial the wet snow has a low binding strength 

but once it freezes due to temperature decrease it becomes difficult to remove. 
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Soft Rime

Hard Rime

Glaze    

Wet Snow     

Colour

white

opaque

transperant

white

Density

     

200 to 600

600 to 900

900

300 to 600

Adhersion

low

strong

strong

weak 
(initially) 
strong 
(frozen)

Formation

0°C to -20°C,            
low liquid water 
content,                 
small droplet size            

0°C to -20°C,           
high liquid water 
content,           
medium droplet size                                                                                                          
j 
wet in-cloud icing 
near 0°C, freezing 
rain due  to temp-
erature inversion      
s  
0°C to +3°C, free 
water in the partly 
melted snow sticks 
to the surface

 

For more detailed information than presented in Figure 2 and for a theoretical explanation of the 

icing accretions process please refer back to the ISO-12494 standards (ISO 12494:2001, 2001). 

 

Phases of Icing 

The process of ice accumulation or so called the phases of an icing event are important for the 

understanding of the operation of wind turbines and anti-and de-icing systems. It can be 

differentiated between meteorological icing and instrumental icing (Figure 3). Meteorological 

icing can be described as the period of a meteorological event which causes ice accretion, i.e. the 

weather conditions causing icing. Instrumental or component icing on the other hand is defined as 

the period of the technical perturbation of the instrument or component due to icing meaning that 

the ice remains at the structure. The time from when the meteorological icing starts until the 

components are affected is called incubation time whereas the time delay between the end of the 

meteorological icing and of the instrumental icing is called recovery time (Baring-Gould et al. 

2012; Fikke et al. 2006). Typically the duration when the wind turbine is disturbed by ice, 

component icing or instrumental icing can be multiple times longer than the meteorological icing.  

Figure 2: Characteristic of the different types of ice, Source: ISO 12494:2001 (2001) 
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2.3 The impact of icing on the WT  

The direct and indirect effects of accreted ice on the structure of wind turbines are various. 

Among the most frequently cited are the following (Dalili et al. 2009; Baring-Gould et al. 2011): 

  

 Reduced energy yield 

 Increased loads 

 Health and Safety risks 

 Increased noise emission   

 

2.3.1 Reduced yield 

The major issue of ice accretion, which predominantly occurs on the leading edge and on the tip 

of the rotor blades, is the disruption of the aerodynamic characteristics of the airfoil. Even light 

icing changes significantly the shape and the roughness of the blade airfoil and with that 

decreases lift and increase drag forces resulting in power production losses (Seifert, 2005; 

Hochart et al. 2008; Alsabagh et al. 2013). The losses vary depending on the icing intensity and 

duration as well as the wind speed. For clarification purposes this is illustrated in Figure 4 in 

form of a 3D power curve. 

 

 

Figure 3: Phases of icing, Source: Baring-Gould et al. (2012) 
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2.3.2 Increased loads 

It is generally accepted that icing on the blades leads to increased loads (on the blades and the 

tower), unbalance, resonance as well vibration and thereby accelerating fatigue causing a 

shortening of lifetime of all the components (Alsabagh et al. 2013; Tammelin et al. 2000). 

However, detailed statistical information on the long-term impact on wind turbines is missing. On 

the short-term, icing and irregular ice shedding causing aerodynamic imbalance and/or excessive 

turbine vibration, which in turn may require a complete stop of the wind turbine and hence loss of 

production.  

 

2.3.3 Health and Safety risks  

Ice falling off or being thrown off wind turbine blades poses not only a health and safety risk but 

it can increase the icing related energy losses significantly due to legislative requirements put in 

place by governmental authorities. Those are country specific and can prove to be the turning 

point in decision making process with regards to mitigation strategies.   

There are two simple formulas which are widely used in the industry to roughly estimate the 

icefall from an idling wind turbine (1) and the ice throw from operating wind turbine (2) in order 

to limit the danger zones (Seifert, 2005). 

 

Figure 4: 3D Power loss curve with ice mass and wind speed, Source: Davis et al. (2014) 
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𝑑 = 𝑣 ∗ 
𝐷 2+𝐻 

15
          [1] 

𝑑 = 1.5 ∗ (𝐷 + 𝐻)          [2] 

 

where 

𝑑                        = 𝑚𝑎𝑥𝑖𝑢𝑚 𝑓𝑎𝑙𝑙𝑖𝑛𝑔 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑖𝑛 𝑚 

𝑣                        = 𝑤𝑖𝑛𝑑 𝑠𝑝𝑒𝑒𝑑 𝑎𝑡 ℎ𝑢𝑏 ℎ𝑒𝑖𝑔ℎ𝑡 𝑖𝑛𝑚 𝑠  

𝐷                        = 𝑟𝑜𝑡𝑜𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑖𝑛 𝑚 

𝐻                        = ℎ𝑢𝑏 ℎ𝑒𝑖𝑔ℎ𝑡 𝑖𝑛 𝑚 

 

When ice is released from the turbine blades it can cause damage to its structure and to people, 

animals and property within a few hundred meters.  According to Krenn et al. (2014) the results 

from the above formulas represent the worst case scenario and a detailed risk assessment is 

necessary. In addition to the concern for health and safety issues there are also legal rules which 

need to be considered for the licensing and more importantly for the operation of turbines with 

iced up blades. Those regulations vary from country to country as well as within federal regions 

and might require a longer shut down of the wind turbine. Hence, a project of the International 

Energy Agency called Task 19 Wind Energy in Cold Climates 3 investigated this topic in form of 

a questionnaire including the below topics (Krenn, 2014). 

 

 Utilization of a blade heating  

 Operation of wind turbine with iced-up bladed 

 Restart of the wind turbine after the icing event 

 Assessment of icing frequency and intensity 

 Definition of the danger zone 

 Implications for the danger zone 

 Detection of ice on the turbine 

 

The results of the three most relevant criteria are presented in Figure 5 on the next page. 

 

 

                                                 
3http://www.ieawind.org/summary_page_19.html;  http://arcticwind.vtt.fi/  



 9 

 

Leaving the first criterion aside as it is self-explanatory the second and third one are of special 

interest as they imply additional costs for the site visit as well as energy loss compared to a wind 

turbine are operating with iced up blades. Finland is the only country where it is required to use 

blade heating systems. However, it is one of the countries where the wind turbines can be 

operated with iced up blades. The results show that there is large disagreement about the danger 

of iced up blades as in some countries the legislation differs within the country. In addition to that 

it can be assumed that the ice-build up and the icing duration are increased once the wind turbine 

was forced to shut down because aerodynamic and centrifugal forces of an operating wind 

turbine would otherwise facilitate the ice shedding. The legal requirements and the described 

consequences (production loss, increased costs) have to be assessed when determining the 

economic affordability of anti-and de-icing system. To elaborate briefly on this, with the help of 

an icing mitigation system the ice build-up can either be avoided (anti-icing) in an ideal case or 

removed quickly (de-icing) and hence evade the legally required shut down of the wind turbine 

and/or the site visit after an icing event.  

 

Figure 5: Legal requirements for the operation of wind turbines during, Source: Krenn (2014) 
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2.3.4 Increased noise emission  

Both numerical investigations (Hann et al. 2013) and studies with real case observations 

(Arbinge, 2013) confirm that iced up blades increase the noise levels considerably. The ice 

formation on the leading edge causes a flow separation from a laminar to a turbulent airflow 

which in turn adds to the sound emission (Figure 6). Besides the environmental impact, 

exceeding the noise restrictions from the environmental and building permit leaves the operators 

of the wind turbines with two possible options: stop of operation and loosing full production or 

de-icing the rotor blades (Baring-Gould et al. 2012). Except in exceptional cases, the latter can 

only be done with an integrated de-icing systems and not ad hoc. Hence the impact of icing on 

the noise emission is an important factor to consider. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.5 Summary  

Figure 7 below shows clearly that production losses are the final and central outcome of the 

above described direct effects as well as of some of the indirect effects in the long run. For 

instance, shortened component life time leads to increased operation and maintenance cost and 

downtime in the long term. 

 

 

 

Figure 6: Airflow on a rotor blade with ice formation on the leading edge, Source: 

Hann et al. (2013). 



 11 

 

The extent of the production losses caused by icing has long been discussed and it is nowadays 

seen as the major challenge for wind energy in cold climate due to the related economic losses. 

According to Parent and Ilinca (2011) power losses vary from 0.005 to 50%. Depending on the 

severity counter measurements might be required to mitigate some of the effect in order to 

minimize the economic losses and business uncertainties. Anti- and de-icing system can play a 

significant role in doing so. To emphasize the magnitude of the production losses and the 

importance of anti- and de-icing system further, three examples from test sites in Sweden are 

presented in Figure 8. The production losses were obtained by comparing wind turbines with and 

without an ADIS installed at the same site during the same period of time. 

 

 

 

 

 

 

Figure 7: The impact of icing on wind turbines 
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The production losses at Dragliden during the winter season 2009/2010 amounted to 48% of the 

annual energy production which confirms the data presented by Ilinca et al. (2011). In the study 

conducted by Gedda (2012) at the test site of Uljabuouda the energy saving with an anti-icing 

system is estimated to be 19.000 € for time of the study (11.2011-12.2011). The third example is 

based on production data of three days when the two wind turbines without an ADIS were subject 

to 36 hours of icing and icing related production losses. Those losses range between 26-37 MWh 

for these wind turbines compared to the two wind turbines with a de-icing system which was 

activated several times in order to de-ice the blades (Madsen, 2014). 

 

2.4 Icing climatology and icing production loss models 

It is not straight forward to forecast icing in the pre-construction phase and with that the icing 

production losses. In the first place it is because icing severity varies significantly from one year 

to another as well as from one site to another due to the local climatological conditions. The 

yearly variation of icing is much larger than the yearly variation of wind resources. For example, 

Lehtomäki et al. (2014) suggests that the variation in the mean annual icing hours can be up to 

200% of the long-term mean icing hours while in comparison the variation in the mean annual 

wind speed is assumed to be 15% of the long-term mean wind speed. Secondly, it is not straight 

forward to calculate the ice loads, the results being depended on which model (and its resolution) 

and which meteorological data is used. An inter-comparison of four icing production models 

Figure 8: Production losses due to icing 
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confirms the uncertainty of the results even though they do reasonable to a large extent (Davis et 

al. 2014). 

Icing climatology 

An icing climatology or so called icing map or icing atlas can be beneficial before or during site 

assessments not only to design a proper wind and ice measurement campaign but also to quantify 

the financial risk and take a decision about investing in an anti- and de-icing system. Typically an 

icing climatology is based either on a numerical weather models or on meteorological 

observations coupled to an ice accretion model.  The most common approach to model the ice 

load is according to the standard ISO 12494, the Makkonen icing rate formula (2000). This model 

simulates the ice accretion over a vertical, freely rotating, standard cylinder (Cattin, 2012) 

(Figure 9). 

 

Figure 9: Icing climatology methodology, Source: Bergström (2013) 
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Icing maps based on this method have been produced showing the number of icing hours where 

the icing event is defined as meteorological icing with the icing rate (dM/dt) exceeding 10g/hour. 

Data from those icing maps will serve as input for calculation in Chapter 4. Scandinavian 

countries are very active in this field with some of the available icing maps being presented in 

Figure 10. 

 

Icing production loss models 

Based on icing climatologies the production loss models give an estimate of the expected icing 

related production losses of a wind turbine. There are a few available models using state of the art 

methods (see Figure 11) developed by Universities and wind energy consultancies which can be 

used for more advanced icing analysis for a potential wind farm. The four models compared by 

Davis et al. (2014) are: DTU model, Kjeller Model, VTT, WeatherTech Ice Model. The study 

attests them reasonable good performance, however, with large improvement still possible. 

 

 

 

Figure 10: Icing maps 
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Figure 11: Icing production models, Source: Davis et al. (2014) 

The four models are based on different numeric weather prediction models and/or power loss 

observations from wind turbines and/or wind tunnel results. The main difficulty lies in catching 

the yearly variation and the microclimate of a specify wind farm as well as the variation within a 

wind farm. Nevertheless, those models present the state of the art for forecasting icing and 

decisions about the best suitable anti- or de-icing system can be based on their results. 

 

2.5 General categorization of Anti- and de-icing systems  

Most of the concepts for anti-and de-icing systems (ADIS) for wind turbine blades have been 

taken from the aviation industry. Some of the approaches have not been found pragmatic while 

others are commercially available or within R&D. Ice mitigation systems for rotor blades of wind 

turbines can be distinguished by two main strategies: anti-icing and de-icing. The former prevents 

the formation of icing whereas the later removes ice from the surface after its formation. In 

addition, a difference is made between passive and active methods. Passive systems prevent or 

eliminate the accumulation of ice on the blades by taking advantage of the physical properties of 
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the blade surface. Active ice mitigation systems on the other hand make use of an external system 

which is applied to the blades and needs an energy supply (Dalili et al. 2009; Parent and Ilinca 

2011).   

 

 

 

Figure 12 above presents a classification of the most relevant ice mitigation systems. It has to be 

noted that some of the systems have the ability to act both as anti-icing and de-icing or can be 

used in combinations of a passive and an active method. In some literature ADIS are divided 

differently, for instance, into the following four categories: passive, thermal, mechanical and 

miscellaneous or chemical methods (Laforte, et al, 1998; Lock, 1990; Madsen, 2011). 

 

2.6 Passive Anti-icing Systems 

2.6.1 Introduction 

Some of the earlier ideas for the passive anti-icing such as the usage of chemicals which are 

commonly applied on airplanes did not get established in the wind industry. Those so called anti-

freeze liquids lower the freezing point of water. It is, however, not a feasible option for the large 

Figure 12: Categorization of anti- and de-icing systems (ADIS) 
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scale wind turbine rotor blades, mainly because of the environmental impact such as soil and 

ground water pollution and the transient characteristics of the chemicals which makes it 

expensive to apply (Makkonen, 2012; Parent and Ilinca, 2011). Nowadays, the main focus for 

passive anti-icing systems lies on surface coating, initially on black color coatings and later on 

special coatings with super-hydrophobic characteristics. The later has received a lot of attention 

in the last years especially in combination with nanotechnology. Two more concepts followed up 

in R&D are ePaint coatings based on phase-change material which is thermally activated and 

organic coatings linked to synthesized natural anti-freeze proteins (Makkonen, 2012; Sell, 2011). 

 

2.6.2 Black paint 

Painting the rotor blades black was one of the first approaches pursued and the idea was that the 

solar heat from the black color coated blades would heat up the blades sufficiently to prevent the 

formation of ice or even assist in clearing it off once accumulated. The concept was first tested 

using a black colored coating called StaClean in Yukon (Canada) in 1996 where it immediately 

showed results (Maissan, 2001). However, it needs to be mentioned that this coating had ice-

phobic characteristics as well. A later study from the Yukon Energy Corporation and Pembina 

Institute revealed that the black blades add minimal solar gains while initial concerns of 

overheating of the blades in the summer were not found valid (Weis and Maissan, 2003). Overall 

it is believed that most of the time the solar energy is not sufficient especially in areas with very 

low temperatures, high wind speeds or low winter solar intensity and duration. 

 

2.6.3 Special hydrophobic and super-hydrophobic coatings 

Two main concepts related to coating strategies can be found in the literature. One refers to 

coatings which prevent or reduce the ice formation (hydrophobic or super-hydrophobic) and the 

other refers to coatings which prevent ice from sticking to the surface (ice-phobic) (Antonini et 

al. 2011). The later will be described in Section 2.8.2 under passive de-icing systems. However it 

needs to be mentioned that some coatings may exhibit both properties. The idea of using 

hydrophobic or super-hydrophobic coatings is to take advantage of the low wettability of the 

surface (water repellent) and the low adhesion of the water drops which reduces the water 

accumulation on the surface and thereby icing. As illustrated in Figure 13 (a,d) this is achieved 

by keeping the spherical shape and by having a high contact angle. Consequently, water drops 
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easily rebound upon impact and are shed off/roll off easily with an external applied force 

(aerodynamic force or gravity). On the other hand water drops on hydrophilic surfaces spread out 

(Figure 13, b,c) and potentially form an ice layer (Antonini et al. 2011).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From published literature and commercial experience there is evidence showing the effectiveness 

of the anti-ice coating strategy (Antonini et al. 2011; Sell, 2011; Makkonen, 2012; Gamesa, 

2014). However, according to Kimura et al. (2003) only coating alone is not realistic to protect 

against athomosperic icing. Nevertheless, in combination with an active ADIS it can result in 

reducing the heat power input from 20% to 80% depending on the icing conditions (glaze or rime 

ice). This is achieved because only a small amount of water remains on the surface and runback 

icing is reduced (Antonini et al. 2011). Additional advantages are the low cost, no requirement 

for special lightning protection and easy maintenance (Seifert, 2005). Besides the above 

mentioned favorable aspects and the potentially high energy reduction in active systems, the 

nano-structured coatings have drawbacks, mainly durability related. 

Figure 13: water drop on a a) super-hydrophobic and b) hydrophilic 

surface; water drop impacting on a c) hydrophilic and d) super-

hydrophobic surface. Source: Antonini et al. (2011) 
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2.7 Active Anti-icing Systems 

2.7.1 Introduction 

Methods for preventing icing are evidently based on thermal solutions. Indirect heating of the 

surface through hot circulating air inside of the rotor blade and electro-thermal heating on the 

leading edge of the rotor blade belong to the active anti-icing systems which have an existing 

track record in the industry while using microwave technology is at prototype stage (Parent and 

Ilinca 2011; Johansson, 2014). 

 

2.7.2 Hot circulating air 

Indirect heating the rotor blade surface with hot circulating air can operate as an anti-icing 

system, however, it seems more pragmatic (and had been done so in the industry) to use it for de-

icing. See section  2.9.3 for more details.  

 

2.7.3 Electro-thermal heating systems 

Since the early nineties work has been conducted to develop the electro-thermal heating solution 

for wind turbine rotor blades, with VTT, the Technical Research Centre of Finnland, being one of 

the main pioneers and developing commercial installations for well-known wind turbine 

manufactures such as Bonus, WinWindD and Nordex (Wallenius and Peltola, 2011). The goal is 

to avoid collected ice accretion during operation or idling. Hence, de-icing is not required and 

minimizing yield loses is achieved, though de-icing mode is possible. The electro-thermal system 

is either applied to the surface by laminating it onto the blade structure or by embedding it inside 

the membrane. The heating elements, in the form of thermal pads, electrically heated foils, and 

metal or carbon fiber electrical heating elements are mounted on the aerodynamically relevant 

leading edge of the rotor blade, which is also where most ice accretes. The power connections are 

at the root end. When conditions liable to causing ice are detected based on the ambient 

conditions, the system is activated preventing the accumulation of ice.  
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As the first commercial system was installed in 1996 (Bonus) this solution can show a reliable 

track record with experience from over 150 heating seasons by 2011 (Wallenius and Peltola, 

2011) with many mass produced wind turbines having been built in the meantime. Parent and 

Ilinca (2011) point out various advantages of this method. Among them are the light weight, the 

high thermal efficiency (close to 100%) and the low energy requirements during rime ice in 

relation to the production gains.  

Besides the more or less significant power requirements of the system there are other drawbacks 

which require attention. Firstly, the air foil contour ought not to be compromised by the heating 

element and secondly the risk for lightning strikes and additional noise admission needs to be 

addressed (Dalili et al. 2009). According to the blade tests of one of wind turbine manufactures, 

the lightning protection on the wind turbine rotor blades are sufficient, the system does not have 

an effect on the noise level and the aerodynamic profile is fully retained (Madsen, 2014). Last but 

not least, the icing of runback water on the not heated parts of the blade can be aerodynamically 

Figure 14:  Electro-thermal heating systems, Source: Peltola et al. (2014) 
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harmful, especially as the so called “runback ice” has a high density and can form a barrier at the 

edge of the heating element. (Dalili et al. 2009; Parent and Ilinca, 2011; Maissan, 2001). When 

this happens, ice throw is an additional risk to be considered. To summarize, electro-thermal 

heating is a robust and proven technology in preventing icing though in extreme icing events 

might be insufficient and instead act as a de-cing system.  

 

2.7.4 Microwave technology 

Microwave technology originates from the aircraft industry and when the idea was first 

introduced to the wind energy industry, the opinion about its efficiency varied and over the years 

different methods have been considered. The main concept relates to a system utilizing thermal 

energy transformed from microwave radiation in order to heat up the blades and maintain the 

surface temperature above 0°C and thereby prevent the formation of ice.   

According to Parent and Ilinca (2011) it was initially considered to use a metallic material such 

as wire mesh on the surface of the blade to reflect the microwave. Another method consisted of 

having the microwave emitter mounted on the wind turbine tower instead of an interior one in 

each wing. One of the first microwave systems developed and tested in small scale was by LM 

Glasfiber (Mansson, 2004). 

The most recent and innovative approach builds on a microwave absorbent coating. The carbon- 

nanotechnology (CNT) particles in the coating absorb the microwave radiation which is 

generated and transmitted through a waveguide inside each wing, and generates heat (see Figure 

15) (Johansson, 2014). This can be done whilst in operation to prevent the formation of icing and 

it is also conceivable to use microwave technology within de-icing strategy.  

Figure 15: Microwave technology, Source: Johansson (2014) 
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According to the findings from Science Partner, Re-turns AS, n-Tec AS, et cetera (Johansson, 

2014) this solution uses less energy than other thermal ADIS and has a relative low installation 

price. Furthermore, no lighting problems have been confirmed yet, no cabling is required and the 

coating can be repaired like a standards gel coat. An extra benefit is the reduced radar 

interference.  

However, the microwave technology in combination with the microwave absorbent coating has 

yet to be successfully implemented. A prototype is planned to be tested at the Vattenfall test site 

during the winter of 2014/2015 and the results will give insight about the efficiency of the 

technology, the aging properties of the coating and the coating temperature which must not 

exceed +80°C. 

 

2.8 Passive De-icing Systems 

2.8.1 Introduction 

The options for passive de-icing systems are limited and all except for one – special coatings with 

icephobic characteristics – are not contemplated anymore. Among the earlier proposals were 

flexible blades which can crack ice loose, active pitching of the blades in order to face the blades 

into the sun as well as the stop/start cycle to shed off the ice due to vibration (Dalili et al. 2009). 

 

2.8.2 Special icephobic coatings 

The reason for using icephobic coating is their anti-adherent property, i.e. the low adhesion force 

between the ice and the solid surface, which is thought to facilitate the removal of ice together 

with the external forces (gravity or aerodynamically force) or even prevent the ice from sticking 

to the surface all together. Nonetheless, as a standalone method icephobic coatings are not 

convincing but implemented in combination with a thermal de-icing system they can have a large 

impact in the reduction of energy consumed of such a system (Parent and Ilinca, 2011). There are 

many studies confirming the benefits from such coatings (Laforte et al. 1998, Menini and 

Farzaneh, 2009; Antonini et al. 2011) but no good solution has been found yet. Similar to the 

hydrophobic and super-hydrophobic coatings (section 2.6.3) these material show erosion 

problems, degrade or lose their special properties after a few tests (Laforte et al. 1998). However, 

advances in those materials are predicted to have an immense impact in many industries (aircraft 

http://www.sciencedirect.com.ezproxy.its.uu.se/science/article/pii/S0165232X13002085#bb0110
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industry) due to the related savings in energy cost, the low initial cost as well the comparatively 

easy application and maintenance of the coatings. 

 

2.9 Active De-icing Systems 

2.9.1 Introduction 

The two main de-icing systems are based on using thermal energy: electro-thermal heating and 

hot circulating air. Besides that mechanical de-icing is a possibility - manual labor via rope 

access (1) or pneumatic inflatable boots (2) to break of the ice - though it is primarily used in 

other industries. Even though it requires less energy it is not only less effective but can also cause 

(1) damage to the structure or (2) impact the aerodynamics, increase the noise emission and ice 

throw (Parent and Ilinca, 2011). Yet another alternative to remove ice from wind turbines is with 

hot water by means of a helicopter. The so called “airborne de-icing” technology has been 

developed after being first tested in Canada (Gedda, 2014).   

 

2.9.2 Electro-thermal heating systems 

There is no difference in terms of the technology when electro-thermal heating is operated as a 

de-icing system instead of the earlier described anti-icing system. The difference is that is being 

activated only when an ice layer is detected on the blades usually based on the power curve. The 

idea is that it creates a water film between the ice and the blade surface and with the help of 

external forces the ice is shed off (Parent and Ilinca, 2011). It appears more beneficial that the 

wind turbine is stopped during the de-icing in order to limit ice throw and reduce the energy 

consumption of the heating system. This is matching the operation strategy of one of the 

commercially available electro thermal blade de-icing system. The wind turbine is stopped with 

the rotor in “back-wind” for the de-icing. After a fixed amount of time, for instance two hours, 

the wind turbine is yawed back into the wind and resumes operation. Unless the de- icing time 

was not sufficient or the icing period is still in progress the wind turbine produces as expected 

and the de-icing system is turned off (Madsen, 2011). As described in Section 2.7.3 the main 

concerns of this solution is the power consumption and the potential issues caused by runback 

water. 
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2.9.3 Hot circulating air 

Hot circulating air technology is the other solution which is commercially available for the 

purpose of de-icing rotor blades. As the name indicates and as illustrated in the Figure 16 the 

blade surface is heated indirectly with warm air being blown into the rotor blade. The blade shell 

is divided into two creating an air circuit where hot air is injected into one part along the front of 

the blade all the way to the tip, sending the cold air back in the other part towards the heating 

element and the fan in the root of each blade. The idea is that the hot air heats the laminate to 

above 0 °C creating a water film between the ice and the blade surface which in turn is causing 

the ice to fall off (Parent and Ilinca, 2011; Windblatt, 2011).The de-icing system is activated 

automatically based on the ambient conditions and the power curve. It can be operated during 

standstill as well as during operation which would reduce the power consumption from the grid. 

 

 

Figure 16: Hot air technology, Source: Windblatt (2011) 

 

Compared to the electro-thermal system, this solution does not require any additional lightning 

protection nor any crane for the maintenance outside of the blade nor are any repairs inside the 

blades needed as all the components are located in the root of the blade. As the blade is heated 

from the inside, its aerodynamic properties are not impacted (Jonsson, 2012; Parent and Ilinca, 

2011). 

The main drawback of the indirect heating of the blades is the low thermal efficiency (Battisti et 

al. 2005). Furthermore the efficiency wanes as the blades size and thickness increases and with 

that the thermal resistance (Dali et al. 2009).  For the future a possible solution could be a hybrid 

system with hot circulating air in the other part of the blade (close to the tip) and electro-thermal 

heating in the thicker inner part of the blades.  
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2.10 Summary 

From the previous section it has been learned that the state of the art for ADIS is currently 

heavily based on two thermal solutions while other technologies with high market changing 

potential are being explored further. This is reflected in the below table with the commercially 

available ADIS by the most know original equipment manufacturers (OEMs) of wind turbines. 

Electro-thermal heating has been introduced to the market as early as 1994 and is offered by two 

OEMs although one is sold as a de-icing system and one as an anti-icing system.  

 

Table 1: OEMs of ADIS 

OEM ADIS Technology Strategy Track record 

Enercon Hot circulating air De-icing Since 2004 

Gamesa Hydrophobic coating Anti-icing 
 

Testing 

Nordex 

 
Electro-thermal heating Anti-icing 

Since 2010 

120 MW installed by 2013 

Siemens 

 
Electro-thermal heating De-icing Since 1994 

Vestas 

 
Hot circulating air De-icing 

Since 2013 

Orders of 4 WTGs as of mid-2014 

 

The newest developments seen in the market are hybrid systems which combine the technology 

of hot circulating air in the leading edge of the blade and electro-thermal heating close to the root 

of the blade. This development is the consequence of the increasing length and hence thickness of 

the blades (Jonsson, 2012). It is a general trend to look into the possible combinations of the 

available technologies in order find the most effective and cost-efficient solution to mitigate the 

effects of icing.  
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Figure 17: Methodological flowchart: a heuristic approach for evaluating the economic 

feasibility of wind projects’ anti-icing systems 

CHAPTER 3 METHODOLOGY AND DATA 

This Chapter introduces a heuristic approach for evaluating economic feasibility of Anti-Icing 

Systems for Wind Turbines. It explains the different steps taken to obtain results and depicts the 

choices and the assumptions made. 

 

3.1 Method introduction 

The essential elements of the method for obtaining the economic performance parameter and 

evaluating the appropriateness of an AIS for a wind turbine in a particular case is outlined in 

Figure 17. 
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The method is based on the estimations of the energy production of a wind turbine for three 

scenarios. Those calculations are explained in more detail in Section 3.2 for the energy 

production with no icing occurring, in Sections 3.5 for the energy production and losses due to 

icing without any ADIS and in Section 3.6 5 for the energy production, losses and gains with an 

AIS installed during icing. 

As seen shown in Figure 17 the wind turbine data (power curve, energy consumption of the AIS) 

climatological data (wind distribution, icing hours) and economic data (electricity export price) 

are used as input. Assumptions about the icing data and the different operation strategies are 

presented in Sections 3.3 and 3.4 respectively. Finally the method is concluded with defining the 

economic performance parameter in Section 3.7. To facilitate the use of this heuristic 

approach/method a tool was developed which is presented in some more detail in Chapter 4 

together with the results of three case studies. 

 

3.2 Energy estimations without icing 

For the purpose of a pre-analysis the expected energy production of the wind turbine is estimated 

using the Weibull wind speed distribution which is a mathematical idealization of the wind 

variations over time at a site. It is determined by two factors which are required as input: the scale 

factor (α) which defines the wind speed and the shape factor (β) which characterizes the form of 

the distribution. The equation for the Weibull probability distribution functions is (Gipe, 2003): 

 

𝑓 (𝑉) =
α

βα
 ∗  𝑉α−1 ∗  𝑒−(𝑉 β )α        [3] 

 

where 

𝑉   = Wind speed in m/s 

α   = Scale factor 

β   = Shape factor  

   

Furthermore, the power output from the wind turbine power curve in kW at its operating range of 

wind speed is required in order to calculate the estimated gross energy production of the WT 

which is described in equation 4 below.  
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𝐸𝑖 = 
∑ [𝑃(𝑉𝑖)∗𝐹(𝑉𝑖)]
𝐶𝑈
𝑖=𝐶𝐼 ∗ℎ

1000
         [4] 

 

where 

𝐸𝑖  = Annual energy production in MWh 

P(𝑉𝑖)   = Power from the WT power curve at 𝑉𝑖 in kW 

𝐹(𝑉𝑖)   = Probability for wind speed 𝑉𝑖 

h  = Numbers of hours in a year (8760) 

CI   = Cut-in wind speed (m/s) 

CU  = Cut-out wind speed (m/s)  

 

The wind speed/turbine output data is usually provided by the wind turbine manufacturer. The 

results from the above formulas do not consider any losses such as transformer losses, park 

effects, grid losses, turbine availability et cetera. In order to obtain more accurate results it is 

recommended at this stage to include the losses as a percentage of the total production (5). The 

net energy production (6) is the total production of the wind turbine minus those losses in MWh. 

The income is calculated using the net energy production (7). The corresponding equations are as 

follows: 

 

𝐸 𝐿𝑜𝑠𝑠𝑒𝑠 = 𝐸𝑖 ∗ 𝐿          [5] 

𝐸𝑁𝐸𝑇 = 𝐸𝑖 − 𝐸𝐿𝑜𝑠𝑠𝑒𝑠          [6] 

𝐼 = 𝐸𝑁𝐸𝑇 ∗ 𝑃           [7] 

 

where 

 𝐸 𝐿𝑜𝑠𝑠𝑒𝑠  = Production loss in MWh 

𝐿  = Estimated losses in % 

𝐸𝑁𝐸𝑇   = Net energy production of the WT 

  𝐼   = Income from the export of electricity produced by the WT in € 

  𝑃   = Electricity export price in €  
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3.3 Icing Data 

Using data from an icing climatology as described in Section 2.4 is an option when no icing 

measurements are available and when no detailed icing analysis has been contracted. For the 

subsequent calculations the amount of hours for meteorological icing and for 

instrumental/component icing are required. The first can easily be obtained from an icing map. 

The latter is not always available. It is, therefore, necessary to make an assumption, in the form of 

a multiplication factor based on experience and literature, on how many times longer the 

instrumental icing would be compared to the meteorological icing. A study of icing events 

conducted by the research center Meteotest in Switzerland has shown that the instrumental icing 

periods are approximately four times longer than meteorological icing periods (Cattin, 2012). It is 

understood that icing conditions are extremely site specific; nevertheless the result from that 

study gives a good indication and will be used in the calculations of the case studies in Section 

4.4  

 

3.4 Operating strategies during icing 

The following operating strategies have been identified for a wind turbine during the phases of 

icing and are illustrated in Figure 18: 

(1) No ADIS - full-stop of the WT  

- indicated by the red dotted line 

(2) Utilization of an Ant-icing System  (AIS) 

-  indicated by the green dotted line 

(3) Utilization of a De-icing System (DIS)  

- indicated by the blue dotted line 

(4) Continued power production with iced blades 

- indicated by the black lines 
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Figure 18: Operating strategies during icing 

 

Restricted to the turbines design limitations it is possible to operate a wind turbine with iced up 

blades, however the extent of the production loss, illustrated by the two black lines, will vary 

depending on the icing severity, the wind speed, et cetera. On the other hand, using a DIS on a 

wind turbine has as a main objective the reduction of the recovery time. Operation strategy one - 

full-stop of the operation during the entire period of component icing - represents the worst case 

scenario (red line) and operation strategy two – assuming 100% efficiency of the AIS – is the best 

case scenario (green line). Hence, for the purpose of this paper only those two extreme cases will 

be described in more detail and are part of the calculations. 
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3.5 Energy production and losses during icing: No ADIS 

When quantifying the energy loss this operation strategy represents the worst case scenario. 

However, it is not an unlikely scenario as health and safety and environmental restrictions (see 

Section 2.3.3 – 2.3.4) may require a full-stop of operations. In those cases the wind turbine is 

stopped as soon as icing is detected. For the production loss due to icing it is assumed that the 

hours of full-stop equal the hours of instrumental icing. 

 

ℎ𝑓𝑢𝑙𝑙−𝑠𝑡𝑜𝑝 = 𝐼𝑐𝑖𝑛𝑔𝑖𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡𝑎𝑙        [8] 

𝐸𝑁𝑜 𝐴𝐷𝐼𝑆 = 
∑ [P(𝑉𝑖)∗𝐹(𝑉𝑖)]
𝐶𝑈
𝑖=𝐶𝐼 ∗(ℎ−ℎ𝑓𝑢𝑙𝑙−𝑠𝑡𝑜𝑝)

1000
       [9] 

𝐸𝑁𝐸𝑇 𝑁𝑜 𝐴𝐷𝐼𝑆 = 𝐸𝑁𝑜 𝐴𝐷𝐼𝑆 − 𝐸𝐿𝑜𝑠𝑠𝑒𝑠        [10] 

 

where 

 ℎ𝑓𝑢𝑙𝑙−𝑠𝑡𝑜𝑝  = Number of hours a WT is stopped due to icing 

𝐸𝑁𝑜 𝐴𝐷𝐼𝑆 = Annual energy production of a WT without an ADIS in MWh 

𝐸𝑁𝐸𝑇 𝑁𝑜 𝐴𝐷𝐼𝑆 = Net energy production of a WT without an ADIS  

 

3.6 Energy production, losses and gains during icing: Anti-icing system 

The concept and functionality of active anti-icing systems (AIS) was described in section 2.7. As 

for the calculation in this model 100% efficiency is assumed for the AIS as well as for the icing 

detection system. This implied that the hours that the AIS is activated equals the hours of 

meteorological icing and that the total gross energy production is not compromised by icing. 

 

ℎ𝐴𝐼𝑆 = 𝐼𝑐𝑖𝑛𝑔𝑚𝑒𝑡𝑒𝑜𝑟𝑜𝑙𝑜𝑔𝑖𝑐𝑎𝑙
 

         [11] 

𝐸𝑤𝑖𝑡ℎ 𝐴𝐼𝑆 = 𝐸𝑖            [12] 

𝐸𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑜𝑟 𝐴𝐼𝑆 = ℎ𝐴𝐼𝑆 ∗ 𝐸𝐴𝐼𝑆         [13] 

𝐸𝑁𝐸𝑇 𝑤𝑖𝑡ℎ 𝐴𝐼𝑆 = 𝐸𝑤𝑖𝑡ℎ 𝐴𝐼𝑆 − 𝐸𝐿𝑜𝑠𝑠𝑒𝑠 − 𝐸𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑜𝑟 𝐴𝐼𝑆     [14] 

 

where 

ℎ𝐴𝐼𝑆   = Number of hours the AIS is active 

𝐸𝑤𝑖𝑡ℎ 𝐴𝐼𝑆 = Annual energy production of a WT with an AIS in MWh 
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𝐸𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑜𝑟 𝐴𝐼𝑆 = Annual energy consumption of the AIS in MWh 

𝐸 𝐴𝐼𝑆 = Energy consumption of the AIS in kW 

𝐸𝑁𝐸𝑇 𝑤𝑖𝑡ℎ 𝐴𝐼𝑆 = Net energy production of the WT in MWh 

 

3.7  Economic Evaluation  

In order to evaluate the investment in an AIS the simple pay-back period was chosen as an 

economic performance metric. The simple pay-back period is an important determinant given in 

years measuring the time required for the total cash outflow, in our case the initial investment in 

an AIS, to equal the total cash inflows, production gains from deploying an AIS. In other words, 

the time it takes to break even.  

 

𝑆𝑖𝑚𝑝𝑙𝑒 𝑝𝑎𝑦 − 𝑏𝑎𝑐𝑘 𝑝𝑒𝑟𝑖𝑜𝑑 =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝐶𝑜𝑠𝑡 𝑓𝑜𝑟 𝑡ℎ𝑒 𝐴𝐷𝐼𝑆

𝐶𝑎𝑠ℎ 𝑖𝑛𝑓𝑙𝑜𝑤 𝑝𝑒𝑟 𝑝𝑒𝑟𝑖𝑜𝑑
    

 [15] 

 

An investment with a shorter simple payback period is generally viewed as the better choice and 

less risky (other thing being equal). However, the shortcoming of using the simple pay-back 

period is that it does not consider the time value of money and does not make any statement 

about the cash flow after the break-even point (Schmidt, 2014). 
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CHAPTER 4 APPLICATION OF THE METHODOLOGY AND 

RESULTS  

4.1 Economic evaluation tool for Anti-Icing Systems 

A central outcome of this thesis is the evaluation tool for anti-icing systems which can be used as 

an integrated module in the MECAL financial model, in the investment cost, loan and cash flow 

calculations in particular. It is an Excel-based tool with the cells which require a manual input 

labeled in yellow and with formulas operating in the background. Hence it is possible to use this 

tool for any new wind turbine and wind farm location as new data can be incorporated very 

easily. Print screens of the module are available in Appendix A. The tool is using the method 

described in Chapter 3 to estimate the energy production without icing as a base line, the icing 

production losses without any ADIS as well as the production losses and gains with an anti-icing 

system installed. The results of the economic parameter, the simple pay-back period, are 

displayed visually in charts. 

 

4.2 Description of the case studies 

Three case studies will be conducted in order to validate the method and evaluation tool. The 

three locations are located in the north of Norway, in central Sweden and in the south of Finland 

and are marked in the map in Figure 19.  

Figure 19: Map of Scandinavia with the case studies 
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The wind data used for case study one and two are direct meteorological observations from a met 

masts at 100 height provided by a 3rd party through MECAL, while the data for case study 3 

originates from the Finish Wind Atlas at 100 m which was produced using AROME and WAsP. 

The average wind speed and the Weibull parameters for all three locations are listed in Figure 21 

together with the electricity export prices. In Finland a system of feed-in tariffs is in place since 

2011 where the wind energy producers receive the difference between the target price and the 3-

month average spot market price as a tariff for 12 years. The new target price is set to 83.5 

€/MWh from 2016 (FWPA, 2014). Sweden and Norway on other the hand have implemented 

renewable energy certificates for which they have a common market since January 2012. Hence, 

the income of the energy producers consists of the electricity price and of the price of the 

electricity certificates. The average price for the electricity certificates from 2013 until September 

2014 was approximately 190 SEK/MWh or 20 €/MWh (SKN 2014). The market price for 

electricity is taken from Nord Pool exchange database and it is the average value for 2013 of the 

corresponding geographic area of the case studies (Nord Pool Spot, 2014). 

 

Figure 20: Wind and economic input data of the case studies 
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Energy Output - No Icing

Energy Production MWh/WTG)

Energy Losses (MWh/WTG)

Net Energy Production (MWh/WTG)

Results

Electricity export income

Case study 2: 

Sweden
8169.640

-653.571

7516.069

444,876€                

Case study 3: 

Finland
5823.572

-465.886

5357.686

447,367€                

Case study 1: 

Norway
6013.234

-481.059

5532.176

324,185€                

Table 2: Results: Energy estimations without icing 

4.3 Energy estimations without icing 

The expected energy production of the wind turbine is estimated using the Weibull parameters 

and electricity export price as stated in Figure 20, miscellaneous losses of 8% of the AEP and the 

power curve of a wind turbine with a rated power of 2.5 MW and a cut-in/cut-out wind speed of 3 

m/s and 20 m/s respectively. The Weibull wind speed distributions for the three case studies as 

well as the power curve are illustrated in Figure 21. 

 

 

Figure 21: Weibull distributions and power curve 

 

The net energy production and the electricuty export income for the three case studies are listed 

in Table 2. To confirm the calculations of the net energy production, the capacity factor was 

calculated. 25% for Case study 1, 34% case study 2 and 24% for case study 3 which lies within 

the typical range for wind turbines. 
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4.4 Energy production and losses during icing: No ADIS 

For the subsequent calculations the annual amount for meteorological icing and 

instrumental/component icing are required (see Table 3). The meteorological icing hours for the 

three case studies are taken from the national icing maps presented in Figure 10 in section 2.4. 

The instrumental icing hours per year are based on the assumption of a multiplication factor with 

the value 4 which was introduced in Section 3.3.  

 

Table 3: Icing data 

 
 

Considering the amount of icing at each location and assuming that the wind turbine is shut down 

during the period of instrumental icing, the net energy production for this worst case scenario are 

presented in Table 4. Furthermore, the income as well as the icing related production losses are 

revealed in MWh, percentage and Euro terms. 

 

Table 4: Results: Energy production and losses during icing without an ADIS 

 

Icing Data

meteorological icing (h/yr)

instrumental icing

multiplication factor

instrumental icing (h/yr)

Case study 1: 

Norway

750

not available

4

3000

Case study 2: 

Sweden

250

not available

4

1000

Case study 3: 

Finland

60

not available

4

240

No ADIS

Energy Output

Energy Production MWh/WTG)

Energy Losses (MWh/WTG)

Net Energy Production (MWh/WTG)

Results

Electricity export income

Icing energy losses  in MWh/WTG

Icing energy losses in % 

Icing energy losses in €

3953.908

-316.313

3637.595

213,163€                

1894.581

34.25%

-111,022€              

Case study 1: 

Norway

7237.033

-578.963

6658.070

394,091€                

857.999

11.42%

-50,785€                 

Case study 2: 

Sweden

5664.022

-453.122

5210.900

435,110€                

146.786

2.74%

-12,257€                 

Case study 3: 

Finland
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4.5 Energy production, losses and gains during icing: Anti-icing system 

The energy production during icing with an AIS installed as well as the respective losses and 

gains are summarized in Table 5. The energy consumption of an AIS is taken to be 80kw for all 

three case studies (Madsen, 2014).  

 

Table 5: Results: Energy production, losses and gains during icing with an AIS 

  
 

 

4.6 Sensitivity analysis of the economic performance parameter 

The economic performance parameter, the simple pay-back period, is determined by the 

investment cost. The expense for an AIS system, however, varies between the OEMs and is 

depending on various factors such as the quota, how many wind turbines are orders, what type 

and what class of wind turbine et cetera. Due to the expense for an AIS being to a large extent the 

result of project specifics and of negotiations, the economic performance parameter is presented 

for an expense range instead. In addition to that the results include a simple sensitivity analysis in 

order to incorporate uncertainties as a total without looking at the individual sources of 

uncertainties. 

The information about the simple pay-back period of the AIS can be read of the 3-D surface 

charts for the expense range (Figures 22-24). In addition to the base line calculation of the 

income gains from the AIS the charts also include the income gains at 90%, 80% and 70 % 

levels, i.e. with 10%, 20%, and 30% income losses.  

AIS 

Energy consumption of AIS in kW

Energy Output 

Energy Production with AIS (MWh/WTG)

Energy consumption of AIS (MWh/WTG)

Energy Losses (MWh/WTG)

Net Energy Production (MWh/WTG)

Results

Electricity export income

Icing energy losses  in MWh/WTG

Icing energy losses in % 

Icing energy losses in €

Income gains from AIS

Case study 1: 

Norway
80

6013.234

-60.000

-481.059

5472.176

320,669€                

60.000

1.08%

-3,516€                   

107,506€                

Case study 2: 

Sweden
80

8169.640

-20.000

-653.571

7496.069

443,692€                

20.000

0.27%

-1,184€                   

49,601€                  

Case study 3: 

Finland
80

5823.572

-4.800

-465.886

5352.886

446,966€                

4.800

0.09%

-401€                       

11,856€                  
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Figure 22: 3-D chart of the simple pay-back period for case study 1 (Norway) 

 

The simple pay-back period for an AIS for a wind turbine for case study 1 (Norway) is very short 

compared to the normal project operation life time of a wind turbine which is assumed to be 

between 15 and 20 years. For clarification purposes a cost of 100.000 € for an AIS is assumed in 

which case the simple pay-back period is one year for the base line income and slightly more than 

two years for an income at 70% level. 
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Figure 23: 3-D chart of the simple pay-back period for case study 2 (Sweden) 

 

For case study 2 (Sweden) the simple pay-back period is not as short as for case study 1. 

Nevertheless, the simple pay-back period lies within a typical project life time. Assuming the 

same cost for an AIS as before, the simple pay-back period is two years for the estimated income 

and less than five years for an income at 70% level.  
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Figure 24: 3-D chart of the simple pay-back period for case study 3 (Finland) 

 

The 3-D surface chart for case study 3 (Finland) shows in contrast to the two previous case 

studies a much longer simple pay-back period. For example, for an investment cost of 100.000 € 

the simple pay-back period amounts to over eight years for the base line income and to twelve 

years for an income at 70% level. 
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CHAPTER 5 DISCUSSION AND ANALYSIS 

Many different systems for the anti-icing and for the de-icing of the rotor blades of wind turbines 

have been presented in Sections 2.5 – 2.9. The number of feasible and commercially available 

options is, however, limited in reality (Section 2.10 and Table 1). Some of the promising options 

are within research and development or at testing stage, like for example the special coatings and 

the microwave technology. Hot circulating air and electro-thermal heating are the most mature 

technologies in the entire market. Those two thermal solutions have been competing against each 

other offered by different OEMs as a complimentary to their cold climate wind turbines. Table 6 

shows a comparative analysis of the ADIS. The plus sign shall be interpreted as positive 

indication in comparison to the minus sign which stand for a negative inclination.  

 

Table 6: Summary of ADIS 

 Hot 

circulating 

air 

Electro- 

thermal 

heating 

Micro-

wave 

technology 

Hydro-

phobic 

coatings 

Ice- 

phobic 

coatings 

Back 

paint 

Efficiency +  +  ? ? ? -   

Energy consumption -  -  - +   +  +  

O&M -  - -  +  +  +  

Risk of lightning - + - - - - 

Maturity level + + -   -  -  NA 

 

The six ADIS which are described in more detail in Sections 2.6 – 2.9 are quantitatively 

evaluated against five criteria – the efficiency of the ADIS, its energy consumption, the need for 

operation and maintenance, the proneness to lightning and the maturity level. The hot circulating 

air and the electro-thermal heating systems are the most mature and the most efficient ones. Only 

the arguably increased risk of lightning for the electro-thermal heating system sets these two 

systems apart. Hydrophobic and ice-phobic coatings and microwave technology as an anti- and 

de-icing system have a low maturity level as they are still being developed or are being tested. 

Nonetheless, the special coatings have a high potential in the future due the low operation and 

maintenance and the fact that they do not require any external energy sources. Furthermore, it is 

believed that with the help of special costings a high energy reduction in thermal anti-icing 

systems can be achieved. Finally, with regards to back pain, it has been proven that this solution 

has a low efficiency. 
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The anti-icing technology is the choice of technology on which the method and the case studies 

are built upon. With regards to the case studies, it needs to be noted that the results for the energy 

production and losses are subject to the accuracy of the input data. A brief summary of the case 

studies with some of the key figures is presented in Table 7 and discussed in the following 

paragraphs. 

 

Table 7: Summary of case studies 

 Average 

wind 

speed 

Electricity 

export  

price 

Instrum-

ental icing 

per year 

Elec. export 

income 

without 

icing 

Production 

losses due 

to icing  -  

No ADIS  

Production 

gains with 

AIS  

Case study 1 

Norway 
6.06 m/s 

58.60  

€/MWh 
3000 h 324.185 € -111.022 € 107.506 € 

Case study 2 

Sweden 
7.09 m/s 

59.19  

€/MWh 
1000 h 444.876 €   -50.785 €   49.601 € 

Case study 3 

Finland 
6.01 m/s 

83.50 

€/MWh 
240 h 447.367 €   -12.257 €   11.856 € 

 

 

For the base line scenario which does not consider any icing (Section 4.3 and Table 2), case study 

2 (Sweden) has the highest annual net energy production of the three case studies. Looking at the 

meteorological input data this outcome is expected as the location has the best wind resources 

with an average wind speed of 7.09 m/s. In other words, the better the wind resources are, the 

higher is the net energy production. Nonetheless, this does not necessarily imply that case study 2 

is the most profitable project. As the comparison of the electricity export income for the base line 

scenario shows, case study 3 is most profitable one assuming that there is no icing. The reason for 

that is that the price for renewable energy offered in Finland (case study 3) is highest of all three, 

approximately one third higher than in Norway and Sweden, case study 1 and 2 respectively. This 

confirms very clearly that wind resources are not alone determining a project and factors such 

electricity export price play a crucial role. A high electricity export price can balance out not so 

good wind resources and make a project with a lower net energy production the more profitable 

one on the balance sheet. 

Another factor is the duration of icing, the instrumental icing hours in particular. Judging from 

the icing hours presented in Table 7 and simply from its location above the polar circle in the 
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north of Norway, case study 1 is the worst effected by icing.  The icing related losses amount to 

more than one third of the annual energy production while the losses for case study 2 in Sweden 

amount only to 11% of the annual energy production and to approximately 3% for the location in 

Finland for case study 3 (Section 4.4 and Table 4). In monetary terms the annual loss is -111.022 

€ for case study 1, -50.785 € for case study 2 and -12.257 € for case study 3 (Table 7). The more 

icing hours there are per year, the more extensive is the loss in net energy production which in 

turns can be further aggravated by a high electricity export price, i.e. the higher the electricity 

export price is the more economically painful is each additional MWh of production loss due to 

icing. 

The production and income gains from an anti-icing system (AIS) as first shown in Table 5 in 

Section 4.5 are also presented above in Table 7. Bearing in mind the assumption about the 

efficiency of the AIS of 100% the potential annual gain from an installed AIS accounts to 

107.506 € for case study 1 (Norway). This includes already the energy consumed by the AIS. For 

case study 2 (Sweden) the gains are approximately 49.601 € and for case study 3 (Finland) they 

are approximately 11.856 €. It can be observed that the economic losses due to icing are 

proportionate to the economic gains with an AIS, i.e. the higher the icing related economic losses 

are, the higher are the economic gains from an AIS. However, in order to make an unequivocal 

statement about the investment in an AIS, the economic performance parameter, the simple pay-

back period, need to be consulted. 

The results for the simple pay-back period for the three case studies are presented in detail in 

Figures 22-24 in Section 4.6. Independent from the initial expense of an AIS, it can be stated that 

case study 1 has the lowest simple pay-back period. Considering the exceptional strong icing 

conditions at this location this result has been expected and the investment in AIS in this case is 

inevitable.  

The simple pay-back period for case study 2 is not as short as in case study 1 but it is still in 

favour for investing in an AIS. Assuming an initial expense for an AIS of 100.000 €, the simple 

pay-back period is two years for the estimated income and less than five years for an income at 

70% level which incorporates negative uncertainties.  

For case study 3 the profitability of investing in an AIS is not as clear as in the two previous 

cases. There is an upper limit for the investment cost which is also depending on which the 

income level is chosen. Nevertheless, the wind turbine in case study 3 is subject to icing and icing 
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related losses and an investment in an AIS is likely to be profitable. Using the same assumption 

for the investment cost of 100.000 € the simple pay-back period amounts to over eight years for 

the base level income and to twelve years for an income at 70% level. Regardless to the result of 

the simple pay-back period, yet another fact is the more decisive one in this case study. 

According to the Task 19 Wind Energy in Cold Climates of the International Energy Agency (see 

Section 2.3.3) blade heating is required by the authorities in Finland (Krenn, 2014).  

The above case studies have shown that is important to conduct a thorough analysis of the 

impacts of icing on the energy production and on the income in order evaluate an investment in 

an AIS.  Furthermore, it is important to not only look at economic performance parameter as such 

but also be aware of the sensitivity of those results with respect to all the input data. Hence, 

conducting a simple sensitivity analysis to incorporate uncertainties as it was done can help with 

that. 
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CHAPTER 6 CONCLUSION 

The objective of this Thesis was to develop a method and a tool for the evaluation of the 

investment in wind turbines’ anti-icing systems. Initially a literature review has been conducted 

that encompassed issues like the direct and indirect impacts of icing on wind turbines (reduced 

yield, increased loads and noise emission, health and safety risks, et cetera), the difficulties of 

estimating icing and icing production losses in the form of maps as well as models and the anti-

icing and de-icing systems and their functionalities, advantages and disadvantages. Subsequently, 

the methodology has been developed that included a number of steps in order to obtain the 

economic performance parameter, the simple pay-back period.  The method is based on 

estimating the energy production of a wind turbine for three scenarios - with no icing occurring, 

with icing but without any anti- and de-icing system installed and with an anti-icing system 

installed – and it is using wind turbine data (power curve, energy consumption of the AIS), 

climatological data (wind distribution, icing hours) and economic data (electricity export price) as 

input. To facilitate the use of this heuristic method an excel-based tool has been developed and 

applied in three case-studies. The case studies are located in the north Norway, central Sweden 

and south Finland and are subject from moderate to heavy icing. The results show that the wind 

resources, the electricity export price and the annual icing hours are parameters which together 

determine the profitability of a wind farm’s anti-icing system. Moreover, the economic losses due 

to icing are proportionate to the economic gains with an AIS. The method has been applied in 

three case studies. The production losses related to icing were in the expected ranges typical for 

the geographic location of the three case studies and so is the economic performance parameter.  

Recommendations 

For the future use of this tool it is advised to verify the meteorological input data of each project 

in order to guarantee the accuracy of the calculations of the AEP. Furthermore, the relationship 

between meteorological icing and instrumental or component icing needs to be carefully 

considered as it has a strong impact for the icing related production losses. In addition to that, one 

needs to be aware that the results are sensible to all the input data which are entered in the 

evaluation tool and as such need to be considered carefully. 

Suggestions for further work 

It could be useful to conduct a more extensive sensitivity analysis to validate the results with 

respect to changes in the input parameters. Furthermore, it would be interesting to validate the 
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tool using meteorological data from a met mast from the site of a wind farm from the pre-

construction phase, production data as well as the information for the icing hours from the 

SCADA data. 

In addition to that it would be worthwhile to extent the model and the evaluation tool to de-icing 

systems which would allow making a comparison between the two operation strategies. 
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APPENDIX A.3  Estimation of energy production during icing  
  


